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PREFACE 

This  r e p o r t  combines i n t o  one r e p o r t  t h e  r e p o r t i n g  requirements 

of I t e m  5 and Item 6 of t h e  c o n t r a c t ,  I t e m  5 is  a r e p o r t  on a n a l y s i s  

of t h e  c h a r a c t e r i s t i c s  of MRIR da ta  for process ing  a t  t h e  CDA s t a t i o n  

and Item 6 i s  a r epor t  on t h e  f e a s i b i l i t y  of conver t ing  MRIR acd HRIR 

d a t a  i n t o  u n i t s  of phys i ca l  s i g n i f i c a n c e  a t  t h e  CDA s t a t i o n .  These two 

s u b j e c t s  w e r e  found t o  be inseparable  and a re ,  t h e r e f o r e ,  r epor t ed  

toge the r .  
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ABSTRACT 

1-  

A \ 
The Nimbus s a t e l l i t e  ins t rumenta t ion  inc ludes  a f ive-channel  

i n f r a r e d  rad iometer ,  each channel of which is s e n s i t i v e  t o  a d i f f e r e n t  

spcctra!. reg ion .  The radiometer scans a swath of t h e  e a r t h  extending 

t o  t h e  hor izon  on each s i d e  of t h e  path of t h e  s a t e l l i t e .  The i n f r a r e d  

senso r s  w i l l  each have a r e so lu t ion  of about 24 m i l e s  on t h e  e a r t h ' s  

s u r f a c e  and t h e  t e r m  Medium Resolution I n f r a r e d  (MRIR) i s  app l i ed  t o  t h e  

s y s t e m  and t o  t h e  da t a .  

The s a t e l l i t e  a l s o  has a s i n g l e  channel High Resolu t ion  I n f r a r e d  

Radiometer (HRIR) t h a t  scans t h e  e a r t h  i n  t h e  same manner as t h e  MRIR 

radiometer but wi th  a r e s o l u t i o n  of about 5 m i l e s  on t h e  e a r t h ' s  s u r f a c e .  

This r epor t  d i scusses  t h e  ope ra t iona l  use of t h e  MRIR and HRIR d a t a ,  

and methods f o r  prepar ing  t h e  da t a  f o r  use by ope ra t iona l  meteoro logis t s .  

A ca r tog raph ic  d a t a  format i s  recommended and methods of showing t h e  

MRIR as con tour s ,  varying gray shades ,  and number symbols are discussed 

i n  t h e  r e p o r t .  A method f o r  r e c t i f i c a t i o n  of t h e  d a t a  i n t o  s tandard  map 

p r o j e c t i o n s  such a s  po la r  s t e r eograph ic  i n  real  t i m e  by means of a 

d i g i t a l  computer i s  descr ibed .  
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I INTRODUCTION 

The r epor t  p re sen t s  t he  work accomplished under Tasks 3 and 4 of 

Contract NAS5-1882. The reason fo r  combining the  work under the  two 

t a s k s  i s  t h a t  d a t a  processing requirements and t h e  conversion of d a t a  

t o  u n i t s  of phys ica l  s ign i f i cance  a r e  t o o  t i g h t l y  interwoven t o  be 

considered a s  s epa ra t e  s u b j e c t s .  

Sec t ion  I1 of t h e  r epor t  summarizes t h e  conclusions of t h e  work. 

Sect ion  I11 d i scusses  t h e  opera t iona l  uses  of t h e  MRIR d a t a  and the  

conversion of MRIR and HRIR da t a  i n t o  u n i t s  of phys ica l  s i g n i f i c a n c e .  

Sec t ion  I V  is  concerned with the  form of p re sen ta t ion  of t h e  MRIR d a t a .  

Various car tographic  presenta t ions  a r e  descr ibed ,  and the  p re fe r r ed  

method (one t h a t  uses  gray s c a l e  plus  numeric d a t a )  i s  shown a s  having 

t h e  bes t  p o t e n t i a l .  Examples a r e  i l l u s t r a t e d  using TIROS window channel 

d a t a .  Sec t ion  V descr ibes  a hardware conf igu ra t ion  t h a t  processes  t h e  

raw MRIR d a t a  i n t o  v ideo  d a t a  which, when p r in t ed  by a s tandard f acs imi l e  

p r i n t e r ,  y i e l d s  the  prefer red  p resen ta t ion .  Sec t ion  V I  d i scusses  t h e  

advantages of r e c t i f y i n g  t h e  MRIR d a t a  and the  accuracy requirements f o r  

both gr idding and r e c t i f i c a t i o n ,  summarizes some o the r  e f f o r t s  (not  from 

SRI) t o  so lve  the  genera l  problem of d i g i t a l  r e c t i f i c a t i o n  of p i c t o r i a l  

d a t a ,  proposes an inverse  approach t o  r e c t i f i c a t i o n ,  and d i scusses  the  

pros  and cons of t h e  orthodox versus t h e  inverse  method, provides  a 

background d e s c r i p t i o n  of the  nature  of t he  u n r e c t i f i e d  d a t a  and t h e  

r e c t i f i e d  p i c t u r e ,  and f i n a l l y  presents  t h r e e  inverse  methods f o r  r e c t i -  

f i c a t i o n  and t e n t a t i v e l y  recommends one as  the  bes t  method. Appendices A 

and B descr ibe  limb darkening and s c a t t e r i n g  of t h e  s o l a r  r a d i a t i o n ,  

t h e i r  e f f e c t s  on the  meaning of the  d a t a ,  and computations f o r  c o r r e c t i o n s .  

1 



I1 TENTATIVE RECOMMENDATIONS 
FOR PROCESSING OF MRIR AND HRIR DATA 

The MRIR instrument package is not scheduled to be included on the 

first few Nimbus satellites. Since there may be some changes in the 

radiometer design before the MRIR becomes operational, only tentative 

recommendations are made in this report. 

A. Recommendations for Processing MRIR Data 

1. For operational use, the data should be presented in a 

cartographic form. 

2 .  The data should be gridded by marking points spaced along 

standard longitude and latitude lines. Every 10 degrees of longitude 

and latitude should be marked in the equatorial and mid-latitudes. The 

interval should be increased between the lines of longitude near the 

poles to avoid cluttering the pictures. The points chosen along these 

lines should be spaced every 1 or 2 degrees, except near the poles 

where the spacing along the parallels should be decreased to 

avoid cluttering. 

3. The MRIR data in its natural o r  raw form consists of a set of 

contiguous scan lines of the earth's surface and atmosphere; these 

data could therefore be printed on a standard facsimile printer. If 

printed on a 100-line-to-the-inch printer, the resulting "picture" 

would be 0.36 inch wide by 3.6 inches long. Since this is much too 

small for practical use, it is recommended that the data should be 

stretched electronically, before transmission, to a size more suited 

to operational use. An increase of 1O:l o r  20:l in linear dimensions 

is required. 

4. It is recommended that the MRIR picture be portrayed by means 
of gray shading with numbers superimposed. Gray shading facilitates 

seeing the general pattern of high-, intermediate-, and low-energy 

regions and the superimposed numbers make it possible to accurately 

2 



present the parameter values. A simulated presentation is shown in 

Figs. 13 and 14, pages 35 and 36.  A data processing system that would 

convert the MRIR data into this gray level plus number format was designed 

and is shown in blcck diagram form in Fig. 17, page 40. The hardware 

required to build this system is all within the present state of 

the art. 

5. The window channel measurements would be more useful if 

converted to effective radiation temperature. The effects of limb 

darkening on this channel in Nimbus will be negligible, so that the 

conversion can be made easily. 

6. Rectification of the MRIR data by means of the CDC 924 

computer in real-time appears to be feasible by means of a method 

described in Section VI. Verification of the feasibility should be 

made and, if it is possible, it is recommended that the MRIR data be 

converted to polar stereographic projections of the northern and 

southern hemispheres. 

B. Recommendations for Processing HRIR Data 

1. The HRIR data should be gridded by marking points along 

standard longitude and latitude lines as recommended for the MRIR data. 

Two mathematical models for performing the gridding computations in real 

time on the CDC 924 computer were reported in Technical Report 1 of 

this series, entitled "High Resolution Infrared (HRIR) Gridding." 

2. The HRIR data should be presented as a gray-level gridded 

picture in its uiirectif ied form, in accordance with present FP.S.4 

planning for CDA data processing. Rectification in real time by mehns 

of the CDC 924 computer, while it appears feasible for the MRIR, does 

not appear feasible for the HRIR, since the number of HRIR data points 

far exceeds the number of MRIR data points. Conversion of HRIR data 

into units of physical significance is not recommended. 

3. Electronic stretching of the HRIR data to fit a larger area 

is not as important a requirement as stretching the MRIR although it 

is feasible. The unstretched picture would be only about 2.5  inches 

3 



wide,  p r i n t e d  100 l i n e s  pe r  inch. E l e c t r o n i c  s t r e t c h i n g  by  a l i n e a r  

f a c t o r  of three is recommended. Three i s  a convenient enlargement as 

the  d a t a  would then  f i t  onto a standard 8-inch p r i n t e r .  

4. Extensive processing of HRIR i s  not  recommended u n t i l  a f t e r  

experience w i t h  the  d a t a ;  e . g . ,  not u n t i l  a f t e r  t h e  f i r s t  HRIR 

radiometer has been "flown" and t h e  HRIR data has  been s tudied .  

4 



I11 OPERATIONAL APPLICATIONS 
OF NIMBUS MRIR AND HRIR DATA 

A. MRIR Data 

1. With t h e  in t roduc t ion  of t h e  meteoro logica l  s a t e l l i t e s ,  t h e  

expected va lue  of t e l e v i s i o n  cloud p i c t u r e s  w a s  confirmed. More 

r e c e n t l y ,  t h e  medium r e s o l u t i o n  in f r a red  r a d i a t i o n  (MRIR) d a t a  a r e  of 

a d i f f e r e n t  kind than  t h e  t e l e v i s i o n  p i c t u r e s .  The t e l e v i s i o n  s y s t e m  

provides a h igh  r e s o l u t i o n  po r t r aya l  of clouds by t h e i r  p a t t e r n s ;  t h e  

exac t  l i g h t  va lue  or energy received i s  no t  measured p r e c i s e l y  i n  

amplitude.  The MRIR employs a coarse r e s o l u t i o n  t h a t  w i l l  no t  r e v e a l  

or convey f i n e  p a t t e r n s  but provides a more accurate measurement than  

t e l e v i s i o n  can of t h e  energy i n t e n s i t y  i n  f i v e  s p e c t r a l  r eg ions .  

Therefore ,  t h e  Nimbus MRIR d a t a  can be expected t o  be used o p e r a t i o n a l l y  

i n  a d i f f e r e n t  manner than  d a t a  from t h e  Nimbus Advanced Vidicon 

C a m e r a  System (AVCS). For many purposes, t h e  l o s s  i n  d e t a i l  r e s u l t i n g  

from t h e  use of MRIR i s  cons i s t en t  w i th  a n a l y s i s  and f o r e c a s t i n g  

procedures.  Deta i led  f e a t u r e s  of clouds a re  shor t - l i ved  and what i s  

seen  a t  one moment w i l l  have changed w i t h i n  t h e  hour.  I t  i s  t h e  l a r g e r  

synopt ic  patterns--cloud arrangements wi th  dimensions of hundreds of 

miles--which p e r s i s t  and g ive  information compatible wi th  numerical 

t echniques .  TIROS d a t a  have shown t h a t  t h e s e  l a r g e r  f e a t u r e s  of clouds 

are e x c e l l e n t l y  portrayed both i n  t i m e  and space by t h e  medium r e s o l u t i o n  

data.  Also, t h e s e  MRIR q u a n t i t a t i v e  d a t a  are immediately amenable t o  

numerical p rocess ing  and manipulation. One may suspec t  t h a t  mateorolo- 

g i s t s  w i l l  f i n d  it much more convenient t o  develop r e l a t i o n s h i p s  between 

MRIR q u a n t i t a t i v e  information and numerical a n a l y s i s  and p rod ic t ion  

techniques  than  between AVCS and t h e  numerical procedures.  Since t h e  

importance of numerical procedures of f o r e c a s t i n g  is inc reas ing ,  it 1s 

p o s s i b l e  t h a t  t h e  use  of MRIR da ta  w i l l  i n c r e a s e  concur ren t ly ,  a s  

b a s i c  t s chno log ica l  l i n k s  a r e  e s t ab l i shed .  

5 



In  o rde r  t o  cons ider  t h e  ope ra t iona l  a p p l i c a t i o n s  of Nimbus 

MRIR d a t a  it w i l l  be of b e n e f i t  t o  mention b r i e f l y  t h e  TIROS s y s t e m  

which w a s  designed t o  pave t h e  way f o r  more advanced s y s t e m s  such a s  

t h e  Nimbus. The NASA TIROS sa te l l i t es  11, 111, and I V  have each con- 

t a ined  a f ive-channel ,  scanning, MRIR instrument u n i t .  Some of t h e  

c h a r a c t e r i s t i c s  and p o t e n t i a l  app l i ca t ions  of t h e  f i v e  MRIR channels 

have been t abu la t ed  i n  Table I .  Demonstrations of t h e  success  of t h e  

TIROS I1 experiment have been given by Bandeen e t  a l . l *  and by Hanel 

and Stroud,'both i n  1961, by F r i t z  and Winston3 ir, 1962, and by Rao and 

Winston4 i n  1963; pre l iminary  r e s u l t s  for TIROS I11 were presented by 

Nordberg e t  a1.5 i n  1962. Wark e t  a1.6have conducted some success fu l  

t h e o r e t i c a l  experiments (published i n  1962) t h a t  p e r t a i n  t o  i n f r a r e d  

f l u x  and su r face  temperature determinations for TIROS 11, 111, and I V .  

Although t h e  TIROS r a d i a t i o n  measuring p la t forms  have shown 

cons iderable  pre l iminary  success ,  it is  t h e  Nimbus satel l i tes  t h a t  w i l l  

provide meteoro logis t s  w i th  an opera t iona l  s y s t e m .  The Nimbus s a t e l l i t e  

w i l l  de sc r ibe  a near  po la r  and c i r c u l a r  o r b i t  about t h e  e a r t h  a t  about 

e i t h e r  l o c a l  noon or midnight.  I t  w i l l  c i rcu la te  t h e  e a r t h  roughly 

14 times per  day and w i l l  provide meteoro logis t s  wi th  a complete day and 

n igh t  coverage of t h e  e a r t h  every 24 hours.  The Nimbus MRIR s y s t e m  w i l l  

use channels (Table I )  s imilar  t o  those  of t h e  TIROS 11. One important 

d i f f e r e n c e  i n  t h e  spectrums i s  tha t  t h e  window channel i s  t o  respond t o  

a narrower s p e c t r a l  wavelength i n t e r v a l  (10-11 microns) ;  consequently 

t h e r e  w i l l  be less a tmospher ic ' absorp t ion  of t h e  energy emitted by t h e  

viewed s u r f a c e s .  Also, an improved scanning geometry for t h e  Nimbus 

MRIR instrument w i l l  make t h e  da ta  much e a s i e r  t o  prepare  f o r  u se ;  t h a t  

is ,  g r idd ing  and r e c t i f y i n g  w i l l  be  very much easier t o  perform. 

A l l  of t h e  e a r t h  w i l l  be viewed a t  reasonable n a d i r  angles  and over- 

lapping  d a t a  gathered f o r  h igh  nadi r  angles  probably w i l l  be ignored ,  

* References a r e  l i s t e d  a t  t h e  end of t h e  r e p o r t .  
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In  t h e  fo l lowing  d i scuss ion  the  most d i r e c t l y  usable  of t h e  MRIR 

channels--the window channel--will b e  descr ibed  i n  view of i t s  appl ica-  

t i o n s  and l i m i t a t i o n s  a s  deduced from t h e  TIROS experiments,  Data from 

t h e  v i s i b l e  channel w i l l  a l s o  be considered t o  some degree because,  of 

t h e i r  p o t e n t i a l  va lue  when used i n  combination wi th  t h e  window d a t a .  

Only a b r i e f  cons ide ra t ion  has been given t o  t h e  o t h e r  channels because 

e x i s t i n g  ope ra t iona l  sys t ems  are not designed f o r  t h e i r  a p p l i c a t i o n  a t  

t h i s  t i m e .  

2 .  Opera t iona l  Appl ica t ions  

Of t h e  var ious  i n f r a r e d  channels,  t h e  o p e r a t i o n a l  va lue  of t h e  

window channel i s  most widely and b e s t  understood. The r e s u l t s  of t h e  

work on t h i s  one channel may apply t o  t h e  o t h e r  channels ,  p a r t i c u l a r l y  

t h e  work on data  p re sen ta t ion  (Section IV). Consequently, t h e  emphasis 

i n  t h e  fo l lowing  d i scuss ion  w i l l  be placed upon t h i s  p a r t i c u l a r  channel.  

In  working wi th  t h e  window data  of t h e  TIROS experiments,  it 

has  been found p r a c t i c a l  t o  express t h e  d a t a  i n  t e r m s  of an e f f e c t i v e  

temperature of a blackbody r a d i a t o r  i n s t ead  of t h e  e m i t t e d  energy f l u x .  

A d e t a i l e d  d e s c r i p t i o n  of t h e  governing r e l a t i o n s h i p  between t h e s e  

two q u a n t i t i e s  is given i n  t h e  TIROS I11 Radia t ion  Data-Users Manual 

publ i shed  by NASA i n  1963. Once the  complicated c a l i b r a t i o n  of t h e  

instrument has been performed, t h e  d a t a  may be e a s i l y  placed i n  e i t h e r  

form. The s i g n i f i c a n c e  of t h e  e f f e c t i v e  temperature p r e s e n t a t i o n  is t h a t  

t h e  d a t a  (window) immediately provides an approximation t o  t h e  tempera- 

t u r e  of t h e  emi t t i ng  ground sur face  or cloud top .  The d i sc repanc ie s  

which occur between t h e  measured ePfec t ive  temperatures and t h e  t r u e  

emi t t i ng  su r face  temperatures i n  TIROS d a t a  a r e  l a r g e l y  due t o  t h e  

e f f e c t  of water vapor and ozone absorp t ion .  For TIROS t h i s  d e p l e t i o n  

of s u r f a c e  emittance produced temperature d i f f e r e n c e s  as l a r g e  a s  10°C 

or even g r e a t e r  i n  the  case of a high angular  view. The narrower window 

of Nimbus and t h e  f a c t  t h a t  t h e  e n t i r e  e a r t h  w i l l  be viewed a t  reasonable 

n a d i r  angles should diminish t h i s  d i screpancy .  

8 



An example of t h e  e f f e c t i v e  temperatures obtained from 

TIROS 111, Pass  3 ,  12 J u l y  1961 i s  shown i n  F ig .  l ( a )  i n  conjunct ion  

wi th  a simultaneous t e l e v i s i o n  cloud p i c t u r e ,  Although t h e s e  two 

sources  of d a t a  a r e  of a d i f f e r e n t  n a t u r e ,  it i s  seen  t h a t  by use of t h e  

window d a t a  i t s e l f ,  t h e  a r e a s  of extensive c loudiness  ( co ld )  may be 

d i s t ingu i shed  roughly from t h e  c loud les s  areas (warm). This e f f e c t  i s  

more v i v i d l y  no t i ceab le  by comparing t h e  continuous gray  p i c t u r e  f o r  

t h e  window d a t a  wi th  a r e c t i f i e d  drawing produced from s e v e r a l  t e l e v i s i o n  

p i c t u r e s  (Fig.  2 ) .  

Cloud t o p  he igh t  can be obtained by assuming t h a t  t h e  e f f e c t i v e  

temperature is t h e  cloud t o p  temperature and r e f e r r i n g  t o  temperature 

ve r sus  he ight  information from radiosonde or c l i m a t o l o g i c a l  d a t a .  Cloud 

h e i g h t s  were computed i n  t h i s  manner (us ing  radiosonde d a t a )  f o r  Pass 3 

of TIROS I11 and a r e  shown i n  t h e  overlay of Fig.  2 .  The r e s u l t s ,  which 

r e f l e c t  t h e  o r i g i n a l  Channel 2 d a t a ,  suggest t h a t  a s l i g h t  change i n  

p o s i t i o n  might be needed t o  compensate for poss ib l e  l o c a t i o n  e r r o r s .  

Wherever t h e  cloud cover i s  not  a uniform o v e r c a s t ,  as i n  t h e  

case of cumulus a c t i v i t y ,  t h e  radiometer reading  a l s o  inc ludes  t h e  e f f e c t  

of energy rece ived  p a r t i a l l y  from t h e  cloud and p a r t i a l l y  from t h e  

e a r t h ’ s  su r face  or from a lower cloud deck. Also, an important limb- 

darkening e f f e c t  occurs f o r  p a r t i a l  c loudiness  cond i t ions  (Appendix A). 

These e f f e c t s  are not  accounted f o r  i n  F ig .  2 ,  but i n  f u t u r e  a p p l i c a t i o n s  

t h e  d a t a  may be improved by ad jus t ing  according t o  t h e  percentage  and 

type  of cloud cover (obtained from high  r e s o l u t i o n  informat ion)  or by a 

combined u t i l i z a t i o n  of t h e  v i s i b l e  and window channel (d iscussed  l a t e r ) .  

Also,  t h e  Nimbus MRIR r e s o l u t i o n  element w i l l  be approximately a q u a r t e r  

of t h e  s i z e  ( a rea )  of t h e  TIROS r e s o l u t i o n  element. Therefore ,  t h e  

Nimbus radiometer w i l l  be a b l e  t o  r e so lve  smaller cloud elements than 

TIROS, so  t h a t  some of t h e  d i f f i c u l t i e s  due t o  p a r t i a l  c loudiness  w i l l  

occur  somewhat less o f t e n  wi th  Nimbus than wi th  TIROS. Neglected i n  t h e  

computations of t h e s e  cloud t o p  he igh t s  was t h e  e f f e c t  due t o  w a t e r  

vapor and ozone. A s  mentioned previous ly ,  t h i s  e f f e c t  w i l l  not be as 

s e r i o u s  wi th  t h e  Nimbus as i t  was wi th  TIROS, and approximate c o r r e c t i o n s  

9 



CHANNEL 2 
(a) 





FIG. 1 GRIDDED CLOUD PHOTOGRAPH - TIROS Ill, PASS 3, 12 JULY 1961, 15482 
(a) Top Overlay: Isopleths ( O K )  of Channel 2 MRlR Data - 1540-472 
(b) Bottom Overlay: Isopleths (watts/m2) of Channel 5 MRlR Data 
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could be e a s i l y  incorpora ted  i n t o  an automatic computational scheme. 

Also, t h e  neg lec t  of t h e  e f f e c t s  of increased  water vapor abso rp t ion  

when viewing a t  high n a d i r  angles  w i l l  i n  gene ra l  not in t roduce  

apprec i ab le  e r r o r s .  (Table A - 1  shows t h e  c a l c u l a t e d  e r r o r  f o r  TIROS I11 

due t o  t h i s  limb darkening.)  These errors--which would be smaller f o r  

Nimbus--are only  s i g n i f i c a n t  f o r  extremely h igh  temperatures and high 

n a d i r  ang le s .  In  t h e  case  of t h e  Nimbus, measurements wi th  h igh  n a d i r  

angles  (above 55 degrees)  could be ignored because t h e  s a t e l l i t e  w i l l  

o b t a i n  a f u l l  e a r t h  coverage wi th  nad i r  angles  w i t h i n  55 degrees.  

Unfor tuna te ly ,  no s a t i s f a c t o r y  means e x i s t e d  t o  examine q u a n t i t a t i v e l y  

t h e  r e s u l t s  (F ig .  2)  and t h e  r e l a t i v e  s i g n i f i c a n c e  of t h e  va r ious  

assumptions. Since conventional sur face  observa t ions  do not  even 

inc lude  an estimate of cloud t o p  he igh t s ,  information i s  only p re sen t  

t o  t h e  ex ten t  t h a t  cloud tops  can be deduced from r e p o r t s  of cloud bases  

and t y p e s .  For example, a r epor t  of towering cumulus might i n d i c a t e  

tops  somewhere between 15,000 and 35,000 f e e t .  

Rao and Winston4 a l s o  computed cloud top  he igh t s  i n  a similar 

way, but included an approximate c o r r e c t i o n  f o r  water vapor and ozone. 

They found t h a t  t h e s e  cloud t o p  he ights  w e r e  a t  least  i n  g e n e r a l  agree- 

ment wi th  he igh t s  deduced from conventional d a t a  and some a i r c r a f t  

observa t ions .  I t  would be des i r ab le  t o  ga in  more knowledge of t h e  

e f f e c t i v e n e s s  of t h e  window channel f o r  he igh t  de te rmina t ion  by means 

of a n  experimental  program which allowed q u a n t i t a t i v e  comparison of 

s a t e l l i t e  r a d i a t i o n  da ta  wi th  simultaneously scheduled a i r c r a f t  

obse rva t ions .  Regardless of t h e  e x i s t i n g  r e sea rch  needs, however, 

t h e  window channel is provid ing  valuable cloud information which normally 

i s  unavai lab le  t o  t h e  ope ra t iona l  me teo ro log i s t .  

Many of t h e  problems involved i n  the  computation of a cloud 

t o p  temperature (or he igh t )  n a t u r a l l y  car ry  over t o  t h e  e s t i m a t i o n  of 

t h e  e a r t h ' s  s u r f a c e  temperature.  I r o n i c a l l y ,  v e r i f i c a t i o n  of t h e s e  

MRIR-deduced su r face  temperatures is about as d i f f i c u l t  as t h e  v e r i f i c a -  

t i o n  of cloud t o p  h e i g h t s .  Direct measurements of t h i s  q u a n t i t y  are 

very  d i f f i c u l t  and normal meteorological s u r f a c e  temperatures r e f e r  t o  

a i r  measurements performed seve ra l  f e e t  above t h i s  s u r f a c e .  
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A f u l l y  automatic,  real-t ime s y s t e m  based on s t o r e d  

c l ima to log ica l  data could e a s i l y  be developed f o r  conver t ing  e f f e c t i v e  

temperatures t o  estimated c loud  top h e i g h t s  or ground s u r f a c e  tempera- 

t u r e s .  

could be made f o r  t a k i n g  i n t o  account t h e  normal abso rp t ion  by water vapor 

and ozone. Because of e r r o r s  i n  the  c l ima to log ica l  d a t a ,  t h e  procedure 

would have an u n c e r t a i n t y  of about one k i lometer  f o r  cloud t o p  he igh t s  

and about 5°C f o r  surface temperatures. However, t he  p r e s e n t a t i o n  of 

window d a t a  i n  terms of cloud top  he igh t s  or s u r f a c e  temperatures i n  

t h i s  manner does not appear necessary or adv i sab le  f o r  t h e  pre l iminary  

systems. A p r e s e n t a t i o n  ( t o  ope ra t iona l  u se r s )  of t h e  e f f e c t i v e  

A simple but e f f e c t i v e  means based on t h e  r e s u l t s  of Wark e t  a1,6 

temperatures supplemented w i t h  other observa t ions  and a c l ima to log ica l  

manual would appear t o  be t h e  most p r a c t i c a l  manner f o r  i n t e r p r e t i n g  

t h e  window d a t a  of t h e  i n i t i a l  Nimbus experiments. 

Probably some of the  d iscrepancies  i n t r i n s i c  i n  t h e  window 

data may be reso lved  by combining data from t h e  window w i t h  data  from 

the  v i s i b l e  channel,  This may allow the  d i s t i n c t i o n  of cloud types  

such as t h i n  c i r r u s  and cumulus a c t i v i t y ,  or of t e r r a i n  f e a t u r e s  such 

a s  snow and mountains. I n  con t r a s t  t o  tha t  of t h e  window, t h e  response 

of t h e  v i s i b l e  channels represents  a measurement of t h e  energy f l u x  

scattered and r e f l e c t e d  by t h e  viewed a r e a .  Na tu ra l ly  t h e  measurements 

w i l l  only be a v a i l a b l e  during the  d a y l i g h t  p a r t  of t h e  Nimbus o r b i t .  

An example of t he  TIROS I11 v i s i b l e  f l u x  measurement is  shown i n  t h e  

over lay  of Fig.  l ( b ) .  A s  can be seen, it is i n  e x c e l l e n t  q u a l i t a t i v e  

agreement wi th  t h e  underlying t e l e v i s i o n  cloud p i c t u r e .  

For ope ra t iona l  purposes, t h e  u s e r  w i l l  probably p r e f e r  t h a t  

t h e  v i s i b l e  channel data  be presented i n  terms of a r e f l e c t a n c e .  The 

conversion of t h e  measured f l u x  i n t o  r e f l e c t a n c e  i s  dependent on t h e  

s o l a r  f l u x  i n c i d e n t  on t h e  viewed area ( s o l a r  e l e v a t i o n  angle)  and on 

t h e  s c a t t e r i n g  geometry. A planetary i s o t r o p i c  reflectance--dependent 

only on t h e  s o l a r  e l e v a t i o n  angle--could e a s i l y  be computed au tomat i ca l ly  

* 

* The r a t i o  of t h e  r a d i a n t  energy s c a t t e r e d  and reflected from a 
s u r f a c e  t o  the  energy inc iden t  upon i t  i n  t h e  given s p e c t r a l  i n t e r v a l .  
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i n  t h e  Nimbus p r e s e n t a t i o n  sys tem.  I t  i s  believed t h a t  t h i s  would be 

t h e  bes t  method of t r e a t i n g  t h e  Nimbus v i s i b l e  da t a .  Neglect of t h e  

dependence on t h e  s c a t t e r i n g  geometry may a f f e c t  abso lu t e  va lues ,  but 

should not s e r i o u s l y  d i s t o r t  t h e  r e f l e c t a n c e  ac ross  synop t i c  scale 

p a t t e r n s .  This i s  p a r t i a l l y  due t o  t h e  f a c t  t h a t  w i th  t h e  Nimbus sys- 

t e m  t h e r e  w i l l  on ly  be backward d i r e c t e d  s c a t t e r i n g ,  t h a t  i s ,  s c a t t e r i n g  

angles  between 90" ( a t  po le s )  and 180" ( a t  e q u a t o r ) ,  as d i scussed  i n  

Appendix B. Consequently, t h e  Nimbus v i s i b l e  d a t a  could n o t ,  a s  could 

t h e  TIROS, con ta in  a mixture which included t h e  s t r o n g  peaking of 

forward s c a t t e r i n g .  

I n  o rde r  t o  i n v e s t i g a t e  t h e  p o t e n t i a l  of combining window and 

v i s i b l e  d a t a ,  a comparison was made of measured MRIR d a t a  (TIROS 111, 

Pass  3) wi th  simultaneous su r face  observa t ions .  The resu l t s  a r e  

summarized i n  Fig.  3 which i n d i c a t e s ,  for var ious  values of t h e  v i s i b l e  

and window channel,  t h e  cloudiness amount (opaque and non-opaque), t h e  

s i g n i f i c a n t  low cloud amount and the  p r e c i p i t a t i o n ,  Although t h e  f i g u r e  

i s  based only  on a very l i m i t e d  number of s u r f a c e  r e p o r t s ,  it does show 

t h e  p o t e n t i a l  of us ing  a combination of window and v i s i b l e  d a t a  f o r  

cloud i d e n t i f i c a t i o n .  In  o r d e r  t o  c o n s t r u c t  F ig ,  3, it w a s  necessary t o  

perform smoothing. Severa l  sur face  observa t ions  s t i l l  appeared t o  be 

i n  s u b s t a n t i a l  disagreement wi th  t h e  MFtIR d a t a ;  an actual  s u r f a c e  r e p o r t  

f o r  one of t h e s e  cases is  ind ica t ed  i n  Fig. 3 .  Inspec t ion  of t h e  l o c a t i o n  

of t h i s  observa t ion  (42" 55'N, 106' 28'W) i n d i c a t e d  t h a t  i t  w a s  w i th in  a 

s m a l l  s c a t t e r e d  cloud area a t  t h e  edge of an ex tens ive  cloud shee t  ( s e e  

Fig.  1 or 2) and t h a t  t h e  l o c a l  s ta te  of t h e  sky w a s  changing r a p i d l y .  

E i t h e r  l o c a t i o n  e r r o r s  i n  t h e  MRIR d a t a  or unrep resen ta t iveness  of t h e  

surface r e p o r t s  could e a s i l y  have produced t h e  apparent discrepancy 

between t h e  two sources  of d a t a .  

3. Future Research Considerations 

A s  p rev ious ly  mentioned, t h e  channels w i th  t h e  most promising 

immediate ope ra t iona l  use are the  window channel and t h e  v i s i b l e  channel. 

Channels 3 and 4 (Fig. 1 )  a r e  mainly concerned wi th  t h e  h e a t  balance of 

t h e  e a r t h  and w i l l  f i n d  g r e a t e s t  a p p l i c a t i o n  i n  r e sea rch  and i n  f u t u r e  

14 
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numerical t rea tments  of long range fo recas t ing .  The use of o t h e r  spec- 

t r a l  ranges has a l s o  been suggested (by Hanel' i n  1961 and by Yamamoto 

and Warkg i n  1962), but t h e i r  appearances w i l l  depend on ins t rumenta t ion  

r e sea rch  and development. 

From t h i s  s tudy ,  it has become v e r y  clear t h a t  continued 

meteorological r e sea rch  w i l l  increase  t h e  e f f e c t i v e n e s s  of and con- 

f idence  i n  t h e  ope ra t iona l  use of t h e  MRIR d a t a .  The fo l lowing  areas 

of a c t i v i t y  are suggested i n  connection wi th  meteoro logica l  s a t e l l i t e  

MRIR measurements : 

(1)  S p e c i f i c  and s t a t i s t i c a l  i n v e s t i g a t i o n s  p e r t a i n i n g  t o  
t h e  e f f e c t s  of limb darkening, s c a t t e r i n g  ang le ,  e tc .  

(2)  Development of methods and automatic techniques f o r  
handling such condi t ions  as p a r t i a l  cloud cover,  snow 
cover,  mountains, non-uniformity, e tc .  

(3)  Q u a n t i t a t i v e  v e r i f i c a t i o n  programs which involve 

(4)  S tud ie s  of t h e  r e l a t i o n s h i p s  between var ious  MRIR 

simultaneous a i r c r a f t ,  ba l loon ,  and s u r f a c e  measurements 

d i s t r i b u t i o n s  and synopt ic  models. 

F i n a l l y ,  while t h e  above e f f o r t s  would l ead  t o  b e t t e r  i n t e r p r e t a t i o n  of 

MRIR d a t a ,  it would be worthwhile t o  cons t ruc t  a c l ima to log ica l  

manual t o  se rve  as a p rov i s iona l  guide f o r  t h e  p r a c t i c a l  a p p l i c a t i o n  

of t h e  d a t a .  

B. HRIR Data 

The Nimbus s a t e l l i t e  i s  a l s o  scheduled t o  c a r r y  a r a d i a t i o n  sens ing  

instrument of a h igh  s p a t i a l  resolution--8.6-milliradian f i e l d  of view. 

Th i s  HRIR u n i t  w i l l  t h e r e f o r e  provide r a d i a t i o n  d a t a  more comparable i n  

d e t a i l  t o  t h e  AVCS than  w i l l  t h e  MRIR. The instrument w i l l  be ope ra t iona l  

du r ing  t h e  da rk  ha l f  of t h e  o r b i t  and w i l l  measure emi t ted  r a d i a t i o n  i n  

t h e  3.4- t o  4.2-micron s p e c t r a l  i n t e r v a l .  Assuming t h a t  t h e r e  i s  

n e g l i g i b l e  emission from t h e  atmosphere i t s e l f  ( t r u e  between about 3 .4  

and 4 .0  microns),  i t s  response should have s imi la r i t i es  t o  t h e  MRIR 

window channel (10.0 t o  11 .0  microns). A comparison of t h e  energy f l u x  

t h a t  would be rece ived  by t h e s e  two window channels can be es t imated  by 

r e f e r r i n g  t o  Table 11, which assumes t h a t  t h e  e m i t t i n g  s u r f a c e  i s  a 
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blackbody. A s  can be seen ,  i n  the  HRIR r eg ion ,  cons iderably  less 

energy is  emi t ted  than  i n  t h e  MRIR reg ion .  On t h e  o t h e r  hand, t h e  

HRIR window channel should sense more c o n t r a s t  between d i f f e r e n t  

s u r f  ace temperatures.  

T a b l e  I1 

ENERGY FLUX (LANGLEYS/MINLJTE) 
EMITTED BY BLACKBODY SURFACES OF SPECIFIED TEMPERATURES 

I I 
S p e c t r a l  
Response 

Temper a t  ur  e 

250°K 

16 .7  lo-' 

17 .6  

300'K 

195.2 x 

44 .1  

The ope ra t iona l  a p p l i c a t i o n s  of t h e  MRIR window d a t a  p rev ious ly  

d i scussed  may c a r r y  over t o  t h e  HRIR d a t a .  P o s s i b i l i t i e s  of conver t ing  

HRIR d a t a  t o  both cloud t o p  height and q u a n t i t a t i v e  t o t a l  cloud amounts 

were suggested by Blankenship" i n  1962. Some of t h e  assumptions 

made i n  conver t ing  MRIR window data t o  phys i ca l  parameters may, however, 

not be as v a l i d  f o r  t h e  HRIR da t a .  For example, t h e  assumption t h a t  

t h e  e m i t t i n g  s u r f a c e  i s  a blackbody r a d i a t o r  may not prove as accep tab le  

f o r  t h e  HRIR measurements as it has f o r  t h e  MRIR. Also,  t h e  HRIR window 

is  no t  expected t o  be as clear a s  t h e  Nimbus MRIR window. Although t h e  

r eg ion  is e s s e n t i a l l y  f r e e  of water vapor abso rp t ion ,  t h e  HRIR s p e c t r a l  

response w i l l  inc lude  some con t r ibu t ion  from t h e  s t r o n g  C 0 2  abso rp t ion  

band above 4 microns. U n t i l  it can be demonstrated t h a t  t h e  HRIR can 

provide q u a n t i t a t i v e  r e su l t s ,  and t h a t  it i s  a t  least  as s a t i s f a c t o r y  

as t h e  MRIR window d a t a ,  t h e r e  would appear t o  be l i t t l e  j u s t i f i c a t i o n  

f o r  a q u a n t i t a t i v e  p r e s e n t a t i o n  of t h e  HRIR da t a .  

1 7  



i 

I 

For t h e  p re sen t  o p e r a t i o n a l  s y s t e m s ,  t h e  H R I R  response would serve  

i t s  most u se fu l  purpose i f  presented as a continuous gray s c a l e  without 

a t tempt ing  t o  measure i ts  exac t  energy va lue .  I n  t h i s  form, it should 

provide a gene ra l  d e s c r i p t i o n  of t h e  n ight t ime cloud d i s t r i b u t i o n  and be 

an inva luable  coun te rpa r t  t o  t h e  daytime AVCS. I t  is f o r  t h i s  purpose 

thar. the H R I R  i n s t rumen ta t ion  w a s  o r i g i n a l l y  intended. An HRIR gray 

scale w0u1.d have some l i k e n e s s  t o  t h e  one drawn f o r  t h e  TIROS NIRIR 

Chanael 2 e f f e c t i v e  temperatures (Fig. 4 ) .  In f a c t ,  it ahacild appear 
ide-+; llbLbal e. t= t h e  eye except f o r  s h w i n g  g r e a t e r  de t a i l .  Af t e r  a Nimbus 

veh ic l e  has  provided experimental  d a t a ,  it may prove f e a s i b l e  t o  convert  

t h e  HRIR d a t a  i n t o  a q u a n t i t a t i v e  form, e i t h e r  confined t o  s e l e c t e d  small  

a r e a s  9r i n  i t s  e n t i r e t y .  I f  s o ,  a modified v e r s i o n  of t h e  MXIR presenta- 

t i o n  (Sec. IV) could be app l i ed  t o  t h e  HRIR.  

18 
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I V  FORMAT OF MRIR DATA 

A .  Basic Cons idera t ions  

1. Magnification of D a t a  

Since t h e  MRIR viewing angle  i s  2 . 8 ' ,  and t h e  s a t e l l i t e  a l t i -  

tude  i s  500 nm, a r e s o l u t i o n  element covers an a r e a  24 nm square a t  t h e  

SSP. The d a t a  obtained near  t h e  hor izon  a r e  badly d i s t o r t e d  and meas- 

ured i n  small  ang le s ;  t h e r e f o r e ,  only t h e  c e n t e r  p o r t i o n  of t h e  data--  

t h a t  observed w i t h i n  nad i r  angles less than  54.5 degrees--is of i n t e r e s t . *  

This  corresponds t o  an e a r t h  d i s t ance  of 1720 n a u t i c a l  m i l e s  and i s  more 

t h a n  s u f f i c i e n t  t o  provide complete e a r t h  coverage a t  t h e  equa to r .  Each 

l i n e  w i l l  con ta in  39 elements between n a d i r  angles  of f54 .5  degrees, 

approximately 440 l i n e s  i n  ha l f  an o r b i t .  The aspec t  r a t i o  of t h e  o r ig -  

i n a l  d a t a  i s  thus  about 11 t o  1. A t y p i c a l  f a c s i m i l e  p r i n t e r  p r i n t s  

100 l i n e s  per  inch and 100 e l e m e n t s  per inch  along each l i n e .  I f  t h e  

MRIR d a t a ,  i n  i t s  unprocessed or raw form, w e r e  p r i n t e d  wi th  such a 

p r i n t e r ,  t hen  one l i n e  of t h e  MRIR scan  would be represented  by one 

p r i n t e d  l i n e ,  and one MRIR r e s o l u t i o n  element would occupy one one- 

hundredth of an inch along t h e  l i n e .  

one of s e v e r a l  shades of gray ,  depending on t h e  va lue  of t h e  corresponding 

d a t a .  Then t h e  p r in t ed  output w i l l  c o n s i s t  of a gray- leve l  p i c t u r e  whose 

s i z e  i s  0.39 inch  by 4.40 inches ,  

Each "pr in ted"  element could be 

Such an output i s  defined as a n a t u r a l  s t r i p  p r o j e c t i o n .  I t  
i s  t h e  same p r o j e c t i o n  used f o r  t he  H R I R  d a t a .  I t  i s  t h e  most n a t u r a l  

p r o j e c t i o n  t o  use s i n c e  each l i n e  of t h e  output corresponds t o  a mir ror  

scan  l i n e ,  and t h e  d i s t ance  along each output l i n e  i s  p ropor t iona l  t o  

t h e  mir ror  scan  ang le .  No mathematical t ransformat ions  are used t o  

output  t h e  d a t a .  

I t  i s  obvious t h a t  a p i c t u r e  of t h i s  s i z e  i s  simply t o o  small  

f o r  ope ra t iona l  u se .  I t  i s  proposed t h a t  t h e  n a t u r a l  s t r i p  be magnified i n  

~~ 

* Note F ig .  19, i n  Sec. V I .  
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both l i n e a r  d i r ec t ions - - the  r e s u l t i n g  output i s  denoted a s  a magnified- 

n a t u r a l - s t r i p  p r o j e c t i o n .  A good magni f ica t ion  f a c t o r  i s  t h e  va lue  20. 

The r e s u l t i n g  p i c t u r e  would then  be 7.8 inches  by 88 inches .  I n  t h i s  

p i c t u r e ,  each element of d a t a  would be repea ted  f o r  a t o t a l  of 20 p i c t u r e  

elements along a l i n e  (before  t h e  next d a t a  element i s  p r i n t e d ) .  And 

each magnified l i n e  would be repeated f o r  a t o t a l  of 20 l i n e s .  Thus, 

each element of d a t a  i s  represented by a square t h a t  i s  0.2 inch on each  

s i d e .  Other magni f ica t ion  f a c t o r s  can a l s o  be used wi th  good r e s u l t s .  

A f a c t o r  of 10 would r e s u l t  i n  a p i c tu re  3.9 inches  by 44 inches ,  Each 

d a t a  element would then  occupy a square 0 .1  inch on each s i d e .  

L 

i d e n t i f y  t h e  l i n e s  

be accomplished by 

g r i d  l i n e s .  

of l a t i t u d e  and longi tude  on t h e  p i c t u r e s ,  This  can 

i n d i c a t i n g  t h e  i n t e r s e c t i o n  p o i n t s  of s e l e c t e d  

R e c t i f i e d  and magnified outputs  a r e  a l s o  p o s s i b l e .  For example, 

p o l a r  s t e r eograph ic  or Mercator p ro jec t ions  can be used ,  R e c t i f i c a t i o n  

would r e q u i r e  cons iderably  more data process ing  than  t h e  n a t u r a l - s t r i p  

format .  The f e a s i b i l i t y  of r e c t i f y i n g  MRIR d a t a  is  considered i n  

Sec t ion  V I .  

2, Information Required 

A s  descr ibed  i n  Sec t ion  111, MRIR d a t a  a r e  u s e f u l  f o r  two types  

of reasons: (1) t h e  broad p a t t e r n s  of h igh  and low I R  va lues  a r e  of 

i n t e r e s t ,  and (2)  t h e  a c t u a l  numerical va lues  are of importance. This  

second requirement i s  i n  c o n t r a s t  t o  t h e  AVCS and H R I R  d a t a ,  where only 

continuous gray- leve l  p i c t u r e s  w i l l  be produced. Because it i s  q u i t e  

d i f f i c u l t  t o  read t h e  absolu te  gray-level va lue  of any d e s i r e d  po in t  

from a gray- leve l  p i c t u r e ,  some other in format ion ,  such a s  superimposed 

contour l i nes  ( i s o p l e t h s ) ,  must be added t o  t h e  MRIR p i c t u r e .  

A s  i n  t h e  AVCS and HRIR p i c t u r e s ,  i t  i s  a l s o  necessary t o  

B. Output Formats 

There a r e  s e v e r a l  poss ib l e  ways t o  produce an output t h a t  d e p i c t s  

both t h e  high and low reg ions ,  and t h e  a c t u a l  va lues  of t h e  d a t a .  The 

fo l lowing  i s  a l i s t i n g  of poss ib le  formats .  Each of t h e s e  i s  
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discussed  and p i c t o r i a l  examples are g iven .  Of t h e s e  va r ious  formats ,  

it i s  concluded t h a t  t h e  shaded numerals are t h e  b e s t :  

Continuous gray  p i c tu re  

Discrete g r a y  p i c tu re  

A r r a y  of numbers 

Ou t l ine  of numbers 

Contour 1 i n e  s 

Contour l i n e s  with additiona.1 informat ion  

Numbers and gray  l eve l  

Shaded numerals. 

The temperature range of t h e  d a t a  c o l l e c t e d  from Channel 2 i s  

200'K t o  320'K. For opera t iona l  u s e  it i s  be l i eved  of s u f f i c i e n t  

accuracy t o  i n d i c a t e  t h e  temperature t o  t h e  n e a r e s t  10'K. There a r e  

thus  t h i r t e e n  s i g n i f i c a n t  temperatures with t h e  va lues  200, 210, 220, ..., 
310, and 320. The number of poss ib le  d a t a  l e v e l s  i s  of importance i n  

s e l e c t i n g  acceptab le  output formats.  

1. Continuous Gray P i c t u r e  

In a continuous g r a y  p i c tu re ,  each d a t a  element is  p r i n t e d  t o  

t h e  most accu ra t e  shade of gray  tha t  e x i s t s  i n  t h e  output  p r i n t e r .  For 

example, t h e  temperature of 200'K would be produced a t  "pure" white (or 

t h e  inve r se ,  200'K represented  by black and 320'K by wh i t e ) .  A tempera- 

t u r e  of 320'K would be "pure" black; and a temperature of 267'K would be 

produced a t  a gray  l e v e l  t h a t  corresponds t o  67/120 = 55.8% black .  The 

output  p i c t u r e  would resemble a photograph, wi th  t h e  except ion  t h a t  each 

"grain" of t h e  photograph would be 0.2 inch  square .  

f e r e n t  shades of gray  poss ib l e  i n  t h i s  p i c t u r e ,  i s  r e s t r i c t e d  only by 

t h e  c h a r a c t e r i s t i c s  of t h e  p r i n t i n g  device .  ( E i t h e r  t h e  da rke r ,  or t h e  

l i g h t e r ,  g ray  l e v e l s  can represent  t h e  lower end of t h e  temperature 

range .  Both ways a r e  r e f e r r e d  t o  i n  t h i s  r e p o r t . )  

The number of d i f -  

The advantage of t h i s  format i s  t h a t  t h e  h igh  and low reg ions  

a r e  quick ly  and e a s i l y  i d e n t i f i e d ,  The disadvantage i s  t h e  d i f f i c u l t y  of 

determining t h e  exac t  gray l e v e l  of any p a r t i c u l a r  d a t a  element.  The 

human eye i s  very  s e n s i t i v e  t o  changes i n  gray  l e v e l  and t o  pa t t e rned  
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in format ion ,  but poor a t  eva lua t ing  t h e  abso lu te  va lue  of gray  shades.  

The human observer tends  t o  judge t h e  gray  l e v e l  of any p o s i t i o n  r e l a t i v e  

t o  t h e  shades of gray  i n  t h e  immediate v i c i n i t y .  An example of t h i s  

format i s  g iven  i n  F ig .  4 .  The da ta  used f o r  t h i s  f i g u r e  w e r e  ob ta ined  

from Channel 2 of TIROS 111, Pass 3 ;  t h e s e  source d a t a  are shown i n  

F ig .  5 .  F igure  4 was drawn by hand; an a c t u a l  output would not appear 

a s  smooth. I t  i s  concluded t h a t  t h i s  format i s  not s u i t a b l e  f o r  

numerical purposes. 

2. Discrete Gray  P i c t u r e  

Rather t han  allowing a continuous gray  l e v e l ,  one can allow 

t h e  p r i n t e r  t o  use only a few s p e c i f i c  l e v e l s  of gray .  I f  only t h i r t e e n  

l e v e l s  of gray are allowed (each corresponding t o  one of t h e  va lues  

200, 210, 220, e t c . ) ,  t hen  t h e  temperature of 267°K would appear t h e  

same va lue  of gray  as would be used f o r  t h e  temperature 270'K. I n  t h i s  

way, a set of contour l i n e s  are suggested, s i n c e  a l l  t empera tures  from, 

say ,  265'K t o  274'K would appear a t  t h e  same gray  l e v e l .  Regions of 

cons tan t  gray would thus  be ou t l ined .  

Between 200'K and 320"K, t h e r e  could be t h i r t e e n  bands of gray, 

a s  fo l lows:  200-204, 205-214, 215-224, . . . , 295-304, 305-314, and 

315-320. Unfortunately,  as stated previous ly ,  t h i r t e e n  l e v e l s  of gray  

could not qu ick ly  and e a s i l y  be d i s t ingu i shed  by t h e  human observer ,  

and t h e  r eg iona l  boundaries might be d i s t ingu i shed  only  wi th  d i f f i c u l t y ,  

i f  a t  a l l ,  

I n  Fig.  6 ,  an example of t h i s  format is  g iven  where only  e i g h t  

gray  l e v e l s  are used. The temperatures corresponding t o  t h e  l e v e l s  a r e  

a l s o  noted i n  t h i s  f i g u r e .  S i x  of t h e  l e v e l s  correspond t o  changes of 

10°K each. For t h e  low temperatures,  however, white i s  used t o  inc lude  

t h e  range 200°K t o  230"K, and f o r  t h e  high tempera tures ,  b lack  i s  used 

t o  inc lude  t h e  range 290°K t o  320°K. 

This  f i g u r e  w a s  a l s o  produced by hand; t h a t  i s ,  a l l  shading 

w a s  done by p e n c i l  as c a r e f u l l y  as p o s s i b l e .  The d a t a  used f o r  t h i s  

f i g u r e  are a l s o  from Fig .  5. A s i m i l a r  output format i s  presented  i n  

an a r t ic le  by W. Nordberg. l 1  
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This  format i s  e a s i l y  read, both with r e spec t  t o  i d e n t i f y i n g  

the  reg ions  of extreme temperatures,  and wi th  r e spec t  t o  obta in ing  many 

of t he  a c t u a l  numerical va lues .  Its major disadvantage i s  t h a t  extremely 

low or extremely high temperatures cannot be numerically i d e n t i f i e d .  The 

extreme va lues  do not occur i n  the  d a t a  used i n  F ig .  6 ,  but t h i s  f a c t  

cannot be determined from t h e  f igu re  a lone .  

3 .  Array of Numbers 

This  format i s  simply a t a b u l a t i o n  of da t a .  The a r r ay  f o r  a 

complete ha l f  o r b i t  could have 39 values  pe r  row and 440 rows. Each 

value would range from 200'K t o  320'K. Figure 5 i s  an example of an 

a r r a y  of numbers f o r  a po r t ion  of an o r b i t .  The l a t i t u d e  and longi tude 

of t h e  a rea  i s  noted. The numbers have t h e  fol lowing meaning: 2 repre-  

sents  220°K, 3 r ep resen t s  230°K, 4 r ep resen t s  240°K, e t c .  The disad-  

vantage of t h i s  format i s  t h e  d i f f i c u l t y  of v i s u a l l y  determining t h e  

reg ions  of s i m i l a r  temperatures .  

4 .  Outline of Numbers 

I t  i s  poss ib le  t o  s e l e c t i v e l y  e l imina te  numbers from t h e  f u l l  

a r r a y  of numbers presented i n  Fig.  5 .  One such method i s  t o  e l imina te  

any number i f  each of t h e  four  numbers immediately surrounding it have 

t h e  same va lue .  The fou r  numbers used a r e  those  t o  t h e  r i g h t ,  t o  t h e  

l e f t ,  d i r e c t l y  above, and d i r e c t l y  below. In  F i g ,  7 such a format i s  

d isp layed .  The regions of constant temperature a r e  thus  quickly out-  

l i n e d  and f a i r l y  e a s i l y  read .  However, i n  l a rge  po r t ions  of t he  p i c t u r e ,  

where rap id  changes e x i s t ,  p r a c t i c a l l y  no numbers a re  e l imina ted  and a 

f u l l  a r r a y  remains. Addit ional  data  processing must be used t o  o b t a i n  

t h i s  format,  s ince  comparisons between adjacent  l i n e s  of d a t a  must be 

made i n  add i t ion  t o  comparisons along each ind iv idua l  l i n e .  

5. Contour Lines 

I n  add i t ion  t o  gray l eve l  formats and numeric formats ,  a t h i r d  

b a s i c  format i s  t o  produce a set of appropr ia te  contour l i n e s  ( i s o p l e t h s ) .  

F igure  8 i s  a copy of a t y p i c a l  surface pressure  c h a r t .  This  cha r t  was 

produced by t h e  F lee t  Numerical Weather F a c i l i t y ,  Monterey, C a l i f o r n i a .  

A po la r  s te reographic  map of t h e  northern hemisphere i s  p rep r in t ed  on t h e  
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FIG. 7 OUTLINE OF NUMBERS 
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FIG. 8 NAVY CONTOUR MAP 
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p l o t t e r  paper.  Every o ther  contour i n t e r v a l  i s  i d e n t i f i e d  by i t s  value 

a t  t h e  "bottom" edge of t he  contour l i n e .  I n  add i t ion  a l l  abso lu te  and 

l o c a l  extremal va lues  a r e  ind ica ted ,  where H i s  high and L i s  low. 

In  b r i e f  summary, t h i s  char t  i s  produced a s  fol lows:  S t a r t i n g  

with an a r r ay  of 63 by 63 d a t a  points  (3,969 p o i n t s ) ,  a CDC-1604 de te r -  

mines t h e  l o c a t i o n  of a l l  contour l ines ,  and t h e  extremal va lues ,  i n  

about 2 minutes.  The contouring algorithm t h a t  was developed a t  t h e  

F l e e t  Numerical Weather F a c i l i t y  is  presented i n  Ref. 12.  Using a 

Calcomp-565 l i n e  drawer, and a CJX-16OA a s  a b u f f e r  s t o r e ,  Fig.  8 was 

produced i n  about 4 minutes.  

S imi la r  contour maps have been produced using an EA1 (E lec t ron ic  

Associates  Inc.) S e r i e s  3410 Dataplo t te r .  

In  Fig.  9,  a hand-drawn contour cha r t  i s  presented using the  

same d a t a  a s  i n  F ig .  5 .  The contour i n t e r v a l  i s  1 O 0 K ;  t h e  lowest con- 

t o u r  l i n e  is  230°K, and the  highest  i s  290'K. 

Such contour c h a r t s  can be produced a t  each ope ra t iona l  meteor- 

o l o g i c a l  s t a t i o n  using s i m i l a r  line-drawing equipment, A l t e rna t ive ly ,  

t h e  contours can be drawn a t  some c e n t r a l  l o c a t i o n  and then  re-scanned 

so t h a t  any f acs imi l e  p r i n t e r  can produce t h e  c h a r t .  I n  e i t h e r  event ,  

t h e  contour l i n e s  must be a c t u a l l y  drawn somewhere i n  t h e  processing 

s y s t e m .  There i s  a l s o  a r e l a t i v e l y  l a r g e  amount of d a t a  processing 

requi red ,  compared t o  o the r  formats without contour l i n e s .  The l a r g e s t  

ob jec t ion  t o  the  use of contour l i n e s  i s  the  d i f f i c u l t y  of reading them. 

Except f o r  t he  two prominent l o w  and high reg ions  i n  the  l e f t  po r t ion  of 

Fig.  8, it i s  d i f f i c u l t  t o  i den t i fy  t h e  low and high a r e a s .  Figure 9 

i s  equa l ly  d i f f i c u l t  t o  use.  It  is a l s o  a problem i n  many p a r t s  of t h e  

c h a r t s  t o  quickly determine t h e  numerical va lues  of t h e  d a t a  a t  

s p e c i f i c  pos i t i ons .  

6 .  Contour Lines with Additional Information 

To make t h e  simple set of contour l i n e s  more e a s i l y  readable ,  

one can add add i t iona l  numbers or gray t o n e s ,  A poss ib l e  way of adding 

numbers would be t o  combine t h e  contour l i n e s  with an o u t l i n e  of numbers. 

Figure 10 i s  a combination of Figs. 9 and 7. 
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Addition of gray tones  may be e f f e c t e d  by combining the  set of 

contour l i n e s  with a d i s c r e t e  gray l e v e l  ou tput .  Figure 11 i s  a combina- 

t i o n  of Figs .  9 and 6 .  Figure 11 i s  an acceptab le  output  format ,  but 

r e q u i r e s  t he  same amount of d a t a  processing t o  genera te  t h e  contour l i n e s  

a s  i n  F ig .  9.  

7. Numbers and Gray Level 

Another combination o f  formats would be t o  superimpose an out- 

l i n e  of numbers (Fig.  7) on a d i s c r e t e  gray p i c t u r e  (Fig.  6 ) .  The com- 

bined r e s u l t  i s  shown i n  F i g ,  12.  The r e s u l t i n g  format i s  e a s i l y  read 

and s a t i s f i e s  both ob jec t ives .  The amount of equipment necessary t o  pro- 

duce t h i s  format i s  s i m i l a r  t o  tha t  requi red  t o  produce Fig.  7. 

8. Shaded Numerals 

Some e f f o r t  has been given t o  a p a r t i c u l a r l y  promising format 

where each of t h e  numerals i s  somehow shaded. An example of t h e  r e s u l t  

t h a t  can be achieved i s  given i n  Fig.  13. The d a t a  on which t h i s  f i g u r e  

i s  based a r e  given i n  Fig.  5 ,  where a f u l l  a r r a y  of numbers i s  presented.  

The format is  a l s o  r e l a t e d  t o  Fig. 5,  but i n  Fig.  13, each number i s  

presented on a varying gray-level  background. Figure 13 i s  made a t  a 

s c a l e  of f i v e  d a t a  elements p e r  inch. Figure 14 i s  s i m i l a r  t o  Fig.  13, 

except  t h a t  it i s  made a t  a s ca l e  of t e n  d a t a  elements t o  t h e  inch .  

(The lef t -hand edge of F ig .  13 i s  t runca ted  f o r  lack  of space;  t he  com- 

p l e t e  s e t  of da t a  i s  shown i n  F ig ,  14.)  As mentioned previous ly ,  t h e r e  

a r e  a t o t a l  of t h i r t e e n  poss ib le  d a t a  va lues .  The complete set of 

t h i r t e e n  numerals i s  shown i n  Fig.  15. Figure 16 con ta ins  t h e  a c t u a l  

gray va lues  used t o  produce t h e  two simulated output  p i c t u r e s .  

The r e s u l t i n g  formats (Fig. 13 or Fig .  14) allow one t o  e a s i l y  

d i s t i n g u i s h  t h e  regions of high and l o w  temperature .  I n  add i t ion ,  one 

can a l s o  e a s i l y  i d e n t i f y  t h e  numeric value of each d a t a  po in t .  The major 

advantage of t h i s  t y p e  of format i s  t h a t  a m i n i m u m  of d a t a  processing i s  

requi red .  No i n t e r p o l a t i o n  is  needed t o  c a l c u l a t e  contour l i n e s ,  and no 

comparisons between l i n e s  of da ta  a r e  needed t o  ob ta in  an o u t l i n e  of 

numbers. Y e t ,  t h e  contour i n t e r v a l s  a r e  f a i r l y  e a s i l y  i d e n t i f i e d .  It 

i s  f o r  t hese  reasons t h a t  t h i s  t y p e  of format i s  p a r t i c u l a r l y  recommended. 
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FIG. 12 COMBINATION OF OUTLINE OF NUMBERS AND DISCRETE GRAY LEVELS 
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V MEDIUhl RESOLUTION INFRARED (MRIR) DATA PROCESSING 

By combining a number of standard s t a t e -o f - the -a r t  techniques,  i t  

i s  f e a s i b l e  t o  cons t ruc t  an e l e c t r o n i c  sys t em capable of convert ing t h e  

MRIR video s i g n a l s  from recorded tape i n t o  a s i g n a l  s u i t a b l e  f o r  d i r e c t l y  

d r iv ing  a f acs imi l e  p r i n t e r .  The output copy would be t h e  shaded-numeral 

p re sen ta t ion  descr ibed i n  Sect ion IV-B-8, having g r i d  p o i n t s  represented  

by a con t r a s t  i n  t h e  gray s c a l e .  

A block diagram of such a s y s t e m  i s  shown i n  F ig ,  17.  The inpu t s  

t o  t h e  system a r e  a sampled d i g i t i z e d  s i g n a l ,  7 b i t s  per  sample, f o r  t h e  

radiometer ou tput ,  a pulse  coincident with t h e  s t a r t  of MRIR d a t a  cor- 

responding t o  t h e  "view" of t h e  ea r th ,  and a pulse  co inc ident  with t h e  

v ideo  a t  t imes when a g r i d  mark i s  des i r ed .  

The outputs  of t h e  system are t h e  analog f a c s i m i l e  s i g n a l  and t h e  

l i n e  synchronizat ion s i g n a l .  Since t h i s  system i s  on-l ine i n  e f f e c t ,  

t h e  average output  f acs imi l e  r a t e  depends upon t h e  input  r a t e .  The d a t a  

r a t e s  shown i n  F ig .  17 represent  those corresponding t o  a 50-line-per- 

second f acs imi l e  system, and r e q u i r e  an input- tape r a t e  corresponding 

t o  2.5 scanning mirror  revolu t ions  per  second. This ,  i n  t u r n ,  i s  0.75 

of t h e  t ape  speed during acqu i s i t i on  of t h e  d a t a  from t h e  s a t e l l i t e ;  

t h e  t o t a l  t i m e  requi red  t o  process a complete o r b i t  i s  approximately 

4.8 minutes compared t o  the  3.6-minute a c q u i s i t i o n  t i m e .  Slower fac-  

s i m i l e  systems would r equ i r e  propor t iona te ly  more t i m e  f o r  tape  playing.  

The opera t ion  of t h e  system is as fol lows:  Upon r e c e i p t  of t h e  da ta -  

s t a r t  s i g n a l ,  t h e  d a t a  s i g n a l  i s  converted i n t o  a number of f i v e - b i t  

words, each word represent ing  one p i c t u r e  element sample. Between 30 and 

50 samples a re  s u f f i c i e n t  t o  def ine t h e  d a t a  s i g n a l  corresponding t o  t h e  

ear th-scan  p o r t i o n  of each mirror r evo lu t ion .  

F ig .  17 a r e  based on 50 samples per scan. The d a t a  i s  quantized i n t o  

twelve l e v e l s  ( r equ i r ing  f o u r  binary b i t s ) ,  which represent  t he  twelve 

10-degree i n t e r v a l s  between 200'K and 320'K. I n  add i t ion ,  each sample 

may or may not  be a g r i d  po in t ,  so t h a t  a f i v e - b i t  word i s  necessary t o  

completely spec i fy  each sample. 

The d a t a  r a t e s  shown i n  
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The 50 f i v e - b i t  words a re  s tored i n  one of two i d e n t i c a l  c y c l i c  

memories, such a s  a s h i f t  r e g i s t e r  or magnetos t r ic t ive  de lay  l i n e ,  and 

subsequently read out  twenty times. Sometime during t h e  reading out of 

one of t he  c y c l i c  memories, t he  other i s  loaded, so t h a t  on t h e  comple- 

t i o n  of t h e  twen t i e th  read-out,  the a l t e r n a t e  memory may be switched i n  

without de lay .  The read-out speed i s  compared with t h e  t ape  recorder  

speed, and the  frequency of t he  clock-pulse genera tor  i s  so con t ro l l ed  

t h a t  on the  average t h e  output and input  d a t a  r a t e s  a re  equa l .  Since 
d- Lhe read t h e  requircd f o r  the  anzlog-to-Aimital conversion i s  less 

--CY 

than  ( t y p i c a l l y  25 percent  o f )  the t i m e  requi red  f o r  t h e  t w e n t y  c y c l i c  

read-outs,  t h e r e  i s  a f a i r l y  long wai t ing  time between t h e  A-D conver- 

s i o n s  so t h a t  t h e r e  i s  wide to le rance  i n  keeping t h e  input  and output 

r a t e s  equal .  

The output of t h e  c y c l i c  s torage,  then ,  i s  a continuous stream of 

f i v e - b i t  words. A block of 50 words r e p e a t s  twenty t i m e s ,  followed 

immediately by a new block of twenty words r epea t ing  twenty t i m e s ,  and 

so  on. 

This continuous succession of words i s  converted t o  analog form i n  

a D-A conver te r .  For each word, a p a i r  of vo l t ages  i s  der ived ,  each 

having t h e  p o s s i b i l i t y  of occupying one of f o u r  va lues  ( l e v e l s ) .  These 

time-varying vol tage  l e v e l s  a r e  used t o  determine t h e  ho r i zon ta l  and 

v e r t i c a l  p o s i t i o n  of an e l e c t r o n  beam i n  t h e  CRT of a cha rac t e r  genera tor ,  

which may be e i t h e r  a monoscope tube or a f l y i n g  spot scanner t h a t  scans  

a 35mm transparency.  In add i t ion  t o  t h e  i n i t i a l  pos i t i on ing  (by t h e  

D-A conver te r ) ,  t h e  e l e c t r o n  beam i s  d e f l e c t e d  one cha rac t e r  height  

(or width) by a p a i r  of sawtooth waveforms. The frequency of t h e  ho r i -  

zon ta l  sawtooth i s  made equal  t o  t h a t  of t h e  word r a t e  from c y c l i c  s t o r -  

age, while t h e  frequency of t h e  v e r t i c a l  sawtooth i s  made equal t o  t h e  

new d a t a  r a t e ,  i .e . ,  one-twentieth of t he  c y c l i c  block r a t e .  

Thus t h e  video output of the  cha rac t e r  genera tor  i s  a s i g n a l  which 

r ep resen t s  t h e  top  ho r i zon ta l  s l i c e  of each of t h e  requi red  50 numerals, 

t hen  t h e  next s l i c e  down of these  same 50 numerals, and so on u n t i l  t h e  

twen t i e th  sl ice,  represent ing  the bottom s l i c e  of t he  50 numerals, has  
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been completed. Then t h e  s i g n a l  cont inues w i t h  t h e  t o p  s l i c e s  of a 

new s e t  of 50 numerals, and so on. 

I n  add i t ion  t o  the  s i g n a l  represent ing  numerals generated i n  t h e  

monoscope (or f l y i n g  spot  scanner),  a background gray- leve l  s i g n a l  i s  

generated simultaneously i n  a c i r c u i t  which combines the two analog 

d e f l e c t i o n  vol tages  i n  t h e  proper four-to-one r a t i o .  The r e s u l t i n g  

vol tage  l e v e l  i s  normally mixed with the  charac te r  video t o  supply the  

proper  gray-level  background, I f ,  however, t h e  gr id-point  b i t  i s  present  

i n  t h e  word, then  the  vol tage  output i s  made t o  be white or black i n  

accordance w i t h  whether t h e  normal gray l e v e l  would have been e i t h e r  

darker  or l i g h t e r  t han  t h e  middle va lue .  I n  t h i s  manner, a c o n t r a s t i n g  

r ec t angu la r  a r ea  appears a t  t h e  g r i d  po in t  l o c a t i o n s .  

The mixture of numeral video and background i s  a s i g n a l  s u i t a b l e  

f o r  modulating a f acs imi l e  p r i n t e r .  Signal  pu l se s  for l i n e  r e t u r n  

synchronizat ion of t h e  p r i n t e r  are obtained from t h e  c y c l i c  s to rage  and 

occur a t  t he  end of each c y c l e  of 50 words. 

I 
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V I  RECTIFICATION OF MRIR DATA 

A. In t roduct ion  

R e c t i f i c a t i o n  of s a t e l l i t e  data w i l l  r e s u l t  i n  a more use fu l  pres-  

e n t a t i o n .  General ly ,  t he  da ta  would be r e c t i f i e d  t o  a s tandard map 

projection--such a s  Mercator, or polar s te reographic .  Standard map pro- 

j e c t i o n s  a r e  a more use fu l  output s ince  ope ra t iona l  personnel a r e  

cons t an t ly  working with such pro jec t ions .  A second advantage is t h a t  

d i r e c t  comparison can be made w i t h  o the r  t y p e s  of da ta  presented on the  

same p ro jec t ion .  F ina l ly ,  r e c t i f i c a t i o n  p e r m i t s  one t o  j o i n  ad jacent  

p i c t u r e s  t o  form a mosaic of any given a rea  of the  e a r t h .  

Several  previous s t u d i e s  l 4  on the  d i g i t a l  r e c t i f i c a t i o n  of 

s a t e l l i t e  weather da t a  have shown t h a t  a s i g n i f i c a n t  amount of computer 

processing i s  necessary.  In  t h i s  repor t ,  a somewhat d i f f e r e n t  approach 

t o  d i g i t a l  r e c t i f i c a t i o n  is  taken, and it is  concluded t h a t  d i g i t a l  

r e c t i f i c a t i o n  of MRIR da t a  i s  an a t t r a c t i v e  and f e a s i b l e  procedure. 

T h i s  conclusion is, of course,  based on the  amount of da t a  generated by 

the  MRIR equipment. For the  AVCS p i c t u r e s ,  d i g i t a l  r e c t i f i c a t i o n  

r equ i r e s  f a r  t o o  much computer processing so t h a t  a hybrid scheme has 

been recommended l 4  9 l 5  f o r  the  AVCS problem. 

In  the  fol lowing s tudy  t h e  r e c t i f i c a t i o n  process i s  f i rs t  descr ibed 

i n  some d e t a i l .  Included a l s o  a re  d iscuss ions  of accuracy and uncer- 

t a i n t i e s  i n  the  d a t a .  A b r i e f  summary i s  next presented of previous 

e f f o r t  i n  t h i s  a r e a .  The new approach t o  d i g i t a l  r e c t i f i c a t i o n  is  then 

descr ibed .  Three poss ib le  va r i a t ions  of t h i s  approach are s tudied  i n  

d e t a i l .  One of them--called the  gr idded-tabular  method--is recommended 

a s  t h e  best way t o  produce r e c t i f i e d  p i c t u r e s .  A b r i e f  flow c h a r t  of 

t h i s  method is given, a s  a r e  timing e s t i m a t e s .  

Future work i n  t h i s  a r ea  would involve the  prepara t ion  of more 

d e t a i l e d  computer flow cha r t s ,  and poss ib ly  the  w r i t i n g  of computer 

programs f o r  some of the  sub-routines.  More exac t  t iming e s t ima tes  can 

then a l s o  be made based on these  r e s u l t s .  
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B. D i g i t a l  Rectification--Some Background 

D i g i t a l  r e c t i f i c a t i o n  can be descr ibed as fol lows.  An i n i t i a l  

p i c tu re ,  c a l l e d  the  source picture ,  i s  given. It is des i r ed  t o  produce 

a f i n a l  p i c t u r e  c a l l e d  the  t a r g e t  p i c t u r e .  In t h i s  study, the  f i n a l  

p i c t u r e  is  assumed t o  be one of the s tandard map p ro jec t ions ,  such as 

Mercator, po la r  s te reographic ,  conformal, e tc .  The source p i c t u r e  i s  

produced from da ta  c o l l e c t e d  a t  the s a t e l l i t e .  Given t h e  parameters of 

t he  s a t e l l i t e  and the  sensing dev ice ,  one can ( i n  p r i n c i p l e )  spec i fy  the  

mapping r e l a t i o n s h i p  between the  source and t a r g e t  p i c t u r e .  

I t  is t o  be noted t h a t  ne i the r  t h e  source nor  t a r g e t  p i c t u r e s  a r e  

considered a s  analog p i c t u r e s  f o r  t h e  purposes of t h i s  s tudy.  The 

source p i c t u r e  is assumed t o  contain a number of discrete da ta  elements, 

where each element corresponds t o  a r e so lu t ion  element i n  the  sensing 

device.  The value of an element is  then simply the  value measured by 

t h e  sensor .  These va lues  can be displayed a s  numbers, o r  as gray  l e v e l s  

( s ee  Sec t ion  In. The t a r g e t  p i c tu re  s i m i l a r l y  con ta ins  a number of 

d i s c r e t e  e lements .  I n  e i ther  picture ,  t he  da t a  elements a r e  arranged i n  

l i n e s .  The l i n e  spacing i s  equal t o  the  width of an  element, s i n c e  each 

element i s  assumed t o  be square 

1. Gaps and Overlaps 

In  genera l ,  a por t ion  of t he  t a r g e t  p i c t u r e  can be e i t h e r  an 

expansion o r  compression of t he  source p i c t u r e .  For example, an a rea  of 

10 by 10 da ta  elements i n  the  source p i c t u r e  might map i n t o  an a rea  of 

13 by 13 elements i n  the  t a r g e t  p i c t u r e .  Again, t h e  same 10 by 10 source 

a r e a  might map i n t o  an a rea  occupying only 8 by 8 elements  i n  the  t a r g e t  

p i c t u r e .  These changes i n  sca l e  r e s u l t  from the  p a r t i c u l a r  mapping 

func t ion  used, and a l s o  from the  s i z e  of t he  des i r ed  f i n a l  p i c t u r e .  In  

t h e  expansion example, mapping each of t he  100 source elements i n t o  the  

t a r g e t  p i c t u r e  w i l l  leave 169-100 = 69 u n f i l l e d  t a r g e t  elements c a l l e d  

gaps.  In  the  compression example, t he  100 source elements  map i n t o  

64 t a r g e t  elements.  

o t h e r  source elements when mapped i n t o  the  t a r g e t  p i c t u r e .  Some of the  

64 t a r g e t  elements w i l l  have o n l y  one source element mapped i n t o  them; 

o t h e r  t a r g e t  elements w i l l  have t w o  or more source elements .  

There a r e  t h u s  36 excess source  elements t h a t  over lap  
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It is necessary t o  f i l l  in gaps i n  a r e c t i f i e d  p i c t u r e  i f  t h e  

r e s u l t a n t  p i c t u r e  is  t o  be viewed by eye .  Otherwise the  absence of data  

simply d i s t r a c t s  t he  v i ewer .  One may f i l l  an empty t a r g e t  element i n  

two b a s i c  ways: 

(1) Determine the  c loses t  non-empty t a r g e t  element, t h a t  has  
been mapped from a source element .  F i l l  t h e  empty element 
wi th  the  same value a s  t h i s  non-empty one. 

Locate a set of non-empty t a r g e t  elements, each of which 
has  been mapped from source elements .  F i l l  the  empty 
element with,  say, the average value of t he  set of 
values  loca t ed .  

(2) 

When over lap  occurs .  t he  same two b a s i c  op t ions  a r e  a v a i l a b l e :  

(1) Select only one of the  mul t ip l e  va lues  and use t h i s  a s  t he  

(2) Determine the  average (or o the r  func t ion)  of a l l  t he  

value of t he  t a r g e t  element.  

mul t ip le  values  and use t h i s  average a s  t h e  requi red  va lue :  

There a r e  advantages f o r  each p o s s i b i l i t y .  In  the  f i rs t  case,  

only the exac t  gray values  t h a t  appear i n  the source p i c t u r e  can appear 

i n  t h e  t a r g e t  p i c t u r e .  N o  new gray l e v e l s  w i l l  occur .  Thus a black and 

w h i t e  checkerboard p a t t e r n  i n  the source p i c t u r e  w i l l  a l s o  appear as a 

(d i s to r t ed )  checkerboard i n  the  t a r g e t  p i c t u r e .  And the  boundaries of 

t he  checks w i l l  be d i s t i n c t .  I n  t h e  second case,  t he  boundaries of the  

checks w i l l  be gray  and w i l l  lead t o  fuzzy boundaries .  However, a l l  

ambiguous" p i c t u r e  elements a r e  immediately i d e n t i f i e d  by t h e i r  g ray  ?1 

tone.  The averaging process tends t o  produce a somewhat smoother p i c t u r e  

which may be e a s i e r  t o  view. Perhaps the  s e v e r e s t  cri t icism of weighted 

averaging i s  t h a t  g rad ien t s  i n  the  source p i c t u r e  become less s t e e p  i n  

the  t a r g e t  p i c t u r e .  The exac t  loca t ion  of a g rad ien t  may be i n  doubt 

( i n  the  f i r s t  case) ,  bu t  t he  gradient  i t s e l f  i s  b e t t e r  preserved.  

A s  a f i n a l  comment, i t  is observed t h a t  e i t h e r  gaps o r  over laps  

can be completely e l imina ted  i n  any t a r g e t  p i c t u r e .  One simply chooses 

an appropr i a t e  s c a l i n g  f a c t o r .  For example, t o  e l imina te  overlap,  a 

s c a l e  f a c t o r  is  chosen such t h a t  there is  a t  l e a s t  a one-to-one cor- 

respondence i n  the  region of minimum magnif icat ion from source t o  t a r g e t .  

In  a po la r  s te reographic  project ion,  f o r  example, one would have one 

element a t  t he  pole correspond t o  one element i n  the  source p i c t u r e .  
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2 .  Gridding: and Rec t i f i ca t ion  Accuracies* 

” 

It i s  assumed t h a t  the  r e c t i f i e d  p i c t u r e  w i l l  a l s o  be gr idded.  

While t h e  two processes  a r e  c lose ly  r e l a t e d ,  t he re  a r e  some d i f f e r e n c e s  

t h a t  deserve f u r t h e r  d i scuss ion .  The c e n t r a l  t o p i c  i s  t h e  accuracy 

required of each, s ince  the  accuracy i n  t u r n  r e s t r a i n s  t h e  amount of 

approximation used ( i n  e i t h e r  t h e  gr idding  or r e c t i f i c a t i o n  procedure) .  

A s  a t e n t a t i v e  conclusion,  it i s  assumed t h a t  when a source element i s  

r e c t i f i e d ,  i t s  t a r g e t  p o s i t i o n  i s  accura te  t o  wi th in  ha l f  a t a r g e t  

element.  Also a s  a t e n t a t i v e  conclusion, it i s  assumed t h a t  a g r i d  point  

w i l l  be computed t o  t h e  same accuracy a s  the  s i z e  of a source d a t a  

element--namely, 24 nm. The p r inc ipa l  f a c t o r s  e n t e r i n g  i n t o  these  

conclusions a r e  discussed below. 

a .  Location 

One of t h e  p r inc ipa l  reasons f o r  gr idding  t h e  d a t a  i s  t o  

l o c a t e  t h e  d a t a  w i t h  r e spec t  t o  the e a r t h ’ s  su r face .  For example, it may 

be important t o  know whether t he  da ta  a r e  f o r  land or f o r  water .  For 

some app l i ca t ions ,  it may be s u f f i c i e n t  t o  l o c a t e  t h e  d a t a  wi th in ,  say,  

100 m i l e s .  I n  t h i s  case,  t h e  required gr idding  accuracy i s  much l e s s  

t han  t h e  r e so lu t ion  of t he  d a t a  (which i s  24 m i l e s  a t  t he  SSP). For 

o t h e r  app l i ca t ions ,  i t  may be necessary t o  l o c a t e  t h e  d a t a  t o ,  say,  

1 m i l e .  I n  t h i s  case ,  t h e  g r i d  points  m u s t  be loca ted  much more 

accu ra t e ly  than  the  r e s o l u t i o n  of t he  d a t a ,  S p e c i f i c  examples of these 

two extremes can be given. It i s  s u f f i c i e n t  t o  s t a t e ,  however, t h a t  

g r idding  accuracy does not necessar i ly  depend on the  r e s o l u t i o n  of t h e  

* I n  t h i s  d i scuss ion ,  accuracy of gr idding  r e f e r s  t o  the  accuracy of 
t h e  gr idding  and r e c t i f i c a t i o n  computations. Other sources  of e r r o r  
e x i s t ,  some of which a r e  t h e  following: 

(1) Uncer ta in t ies  i n  the  s a t e l l i t e  pos i t i on .  
(2)  Uncer ta in t ies  i n  the s a t e l l i t e  a t t i t u d e .  
(3) Unknown p o s i t i o n  of t h e  r a d i a t i o n  source due t o  t h e  coarse  

(4) 
r e s o l u t i o n  of t h e  sensor .  
Errors caused by  t h e  varying and unknown height  of t he  r a d i a t i n g  
su r face .  A p o s i t i o n a l  e r r o r  occurs when, a t  nad i r  angles  o the r  
than  zero,  i t  i s  assumed t h a t  t h e  r a d i a t i o n  su r face  i s  a t  t h e  
e a r t h ’ s  sur face  and ac tua l ly  it  i s  much h ighe r .  
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d a t a .  To o b t a i n  t h e  requirements f o r  g r idd ing  accuracy, one must examine 

t h e  p ro jec t ed  uses  of t h e  MRIR data.  A s  an i n i t i a l  estimate, it i s  

assumed t h a t  t h e  g r i d  p o i n t s  w i l l  be loca t ed  t o  t h e  same accuracy as t h e  

source  d a t a .  

One a l t e r n a t i v e  t o  gr idding  t h e  d a t a  i s  t o  r e c t i f y  them t o  

a s tandard  p r o j e c t i o n  such a s  polar s t e r eograph ic .  The l o c a t i o n  of on ly  

one poin t  need be determined. The l o c a t i o n  of every  o the r  po in t  i s  then  

known, and can be e a s i l y  loca t ed  using, f o r  example, a t r a n s p a r e n t  

over lay  t h a t  has g r i d  l i n e s  pr in ted  on i t .  Thus, a s u i t a b l y  r e c t i f i e d  

p i c t u r e  is  an equiva len t  t o  a g r i d d e d  p i c t u r e ,  (One can do both,  by 

p r i n t i n g  t h e  g r i d  p o i n t s  i n  t h e  r e c t i f i e d  p i c t u r e  and obv ia t e  t h e  need 

f o r  any ove r l ay . )  I t  i s  thus  seen t h a t  t h e  requirements f o r  r e c t i f i c a t i o n  

accuracy a r e  c l o s e l y  r e l a t e d  t o  those f o r  g r idd ing .  

b .  Comparison 

Another p r i n c i p a l  reason f o r  g r idd ing  i s  t o  be ab le  t o  

compare t h e  MRIR p i c t u r e  w+.th o ther  t ypes  of pictures--such as AVCS. 

These comparisons can be made s i d e  by s i d e , o r  perhaps by us ing  some type  

of t r a n s p a r e n t  over lay .  I t  might appear t h a t  t h e  g r i d  p o i n t s  f o r  t h e  

MRIR p i c t u r e  should be determined t o  t h e  same accuracy a s  t h e  p i c t u r e s  

compared with.  How- 

eve r ,  s i n c e  t h e  inhe ren t  inaccuracy and coa r se  r e s o l u t i o n  of t h e  MRIR 

d a t a  would make p r e c i s e  comparison impossible,  t h e  accuracy r equ i r ed  

should be based on t h e  least  accura te  d a t a ,  t h e  MRIR.  

(The AVCS g r i d  points are  determined t o  0.4 nm.) 

c .  D i s t o r t i o n  

I- 

~- 

A secondary reason  for gr idd ing  i s  t o  i n d i c a t e  d i s t o r t i o n s  

i n  t h e  "shape" of t h e  d a t a  i f  t h e  r e c t i f i c a t i o n  i s  not accomplished wi th  

h igh  p r e c i s i o n .  Such d i s t o r t i o n s  a r i s e  from a t t i t u d e  (yaw, p i t c h ,  and 

r o l l )  o s c i l l a t i o n s .  Each of t h e  t h r e e  a t t i t u d e s  has  a maximum e r r o r  of 

?2', and a maximum r a t e  of change of 0.05' per  second. These o s c i l l a t i o n s  

i n  t h e  s a t e l l i t e  cause a ''wobblet1 t o  be in t roduced  i n t o  t h e  shape of t h e  

data .  For example, suppose t h a t  a t h i n  s t r a i g h t  cloud w a s  o r i e n t e d  

nor th-south .  An o s c i l l a t i o n  i n  the r o l l  would cause t h i s  cloud shape t o  

have a "wobble" of t h e  same frequency as t h e  r o l l  frequency. A s  another  
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example, c i r c u l a r  a r e a s  i n  the s k y  can be p i c tu red  as  e l l i p s e s  due t o  

a t t i t u d e  o s c i l l a t i o n s .  In  some cases i t  i s  of importance t o  a s c e r t a i n  

the  t r u e  shape of t h e  meteorological phenomenon. One w a y  t o  i n d i c a t e  

poss ib l e  d i s t o r t i o n s  i s  t o  completely g r i d  t h e  source  p i c t u r e .  If,  upon 

v i s u a l  examination, the  g r i d  l i n e s  are no t  smooth curves then  t h i s  

i n d i c a t e s  t h a t  o s c i l l a t i o n  w a s  p resent .  Another way t o  t r ea t  t h i s  

problem is t o  r e c t i f y  t he  source p i c tu re ,  us ing  the  known a t t i t u d e  e r r o r s  

i n  t h e  r e c t i f i c a t i o n  formulas.  

mat ica l ly  e l imina ted ,  an:! all g r i d  l i n e s  w i l l  appear smzzth. 

I n  t h i s  way a l l  "wobbles" w i l l  be auto- 

I n  t h e  MRIR system, t h e  r e s o l u t i o n  element i s  2.8' wide. 

Thus t h e  m a x i m u m  a t t i t u d e  e r r o r  i s  less than one r e s o l u t i o n  element.  I f  

t h e  g r i d  p o i n t s  a r e  p l o t t e d  t o  the same accuracy as  a r e s o l u t i o n  element, 

then  any wobble w i l l  n o t  even be v i s u a l l y  apparent .  If t h e  g r i d  po in t s  

are p l o t t e d  t o  a f i n e r  accuracy, then any wobble w i l l  become e v i d e n t .  

S ince  it has  been assumed t h a t  g r id  p o i n t s  w i l l  n o t  be determined t o  a 

b e t t e r  accuracy than  a r e s o l u t i o n  element, it i s  concluded t h a t  shape 

d i s t o r t i o n s  caused by  a t t i t u d e  o s c i l l a t i o n  a r e  n o t  s i g n i f i c a n t .  

C ,  Summarv of Other E f f o r t s  a t  D i g i t a l  R e c t i f i c a t i o n  

There have been two known e f f o r t s  a t  r e c t i f y i n g  photographs taken 

from a s a t e l l i t e  (TIROS TV p ic tu res  of cloud cove r ) .  The e s s e n t i a l  

procedure of each e f f o r t  is a s  follows: S t a r t i n g  wi th  the  r e s u l t a n t  

ana log  p i c tu re ,  a d i g i t i z e d  source p i c t u r e  i s  prepared .  The mapping 

r e l a t i o n s h i p  between the  source  p i c tu re  and t h e  t a r g e t  p i c t u r e  (map) i s  

determined. Then each data element i n  the  source p i c t u r e  is  loca ted  

i n t o  t h e  t a r g e t  p i c tu re ,  u s ing  the mapping func t ion .  

I n  Reference 13, some saving is made i n  t h e  number of data  elements 

a c t u a l l y  t r a n s f e r r e d  by us ing  a redundancy reduct ion  technique .  In  t h i s  

technique, each l i n e  i n  the  source p i c t u r e  i s  examined; and a l l  ad jacen t  

data  elements w i th  t h e  same gray  l e v e l  are c o l l e c t e d .  Only the  coordi-  

n a t e s  of t h e  f i rs t  and l a s t  element i n  such a l i n e a r  group are then 

a c t u a l l y  mapped. A l l  in te rmedia te  elements are then  simply entered--by 

l i n e a r  i n t e rpo la t ion - - in to  t h e  t a r g e t  p i c t u r e  between the two mapped 

elements.  A s  a r e s u l t  of curvature i n  t h e  Mercator p r o j e c t i o n  used, the  
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two mapped elements cannot be more than  16 elements apart--otherwise 

l i n e a r  i n t e r p o l a t i o n  is  t o o  inaccura te .  A t y p i c a l  source p i c t u r e  con- 

t a i n s  300 elements i n  each  of 300 l i n e s ,  r e s u l t i n g  i n  90,000 elements.  

Of these, approximately 22,000 t o  32,000 p o i n t s  remain t o  be mapped 

a f t e r  u s ing  t h e  r educ t ion  technique. T h i s  n e t  number of da t a  elements 

r e q u i r e s  about 12 minutes on an IBM 704. The same problem on an IBM 7090 

i s  es t imated  t o  take 12/5 = 2 . 4  minutes. 

In  R e f .  13, it appears  t h a t  t h e  s c a l i n g  f a c t o r  is  such t h a t  no 

ove r l ap  occurs .  Gaps do occur and are f i l l e d  as  fo l lows:  Each empty 

t a r g e t  element acqu i r e s  t h e  same gray l e v e l  as  t h e  c l o s e s t  non-empty 

t a r g e t  element on its left-hand s i d e  (on the  same l i n e  i n  t h e  t a r g e t  

p i c t u r e ) .  

In  R e f .  14, an IBM 7090 is  used f o r  r e c t i f i c a t i o n ,  and f i v e  

mapping func t ions  are a v a i l a b l e :  p o l a r  and obl ique  s t e reograph ic ,  

e q u a t o r i a l  and obl ique  Mercator, and obl ique  c y l i n d r i c a l  equal-area.  

Source p i c t u r e s  are d i g i t i z e d  t o  conta in  both 240 by 240 elements, and 

120 by 120 elements.  N o  computing t i m e s  are given, and no informat ion  

is  a v a i l a b l e  on how t h e  gaps i n  the t a r g e t  p i c t u r e s  are f i l l e d .  

Both r e fe rences  con ta in  photographic examples of t he  

r e c t i f i c a t i o n  process .  

D .  A Proposed Approach t o  R e c t i f i c a t i o n  

The fo l lowing  approach i s  an "inverse" of the  r e c t i f i c a t i o n  schemes 

i n v e s t i g a t e d  i n  R e f s . 1 3  and 14, and appears  t o  have s e v e r a l  advantages.  

In  t h i s  approach one goes f r o m  the t a r g e t  p i c t u r e  9 the  source  p i c tu re ,  

i n  t h e  fo l lowing  manner: 

There a r e  s e v e r a l  coord ina te  systems involved. The f i r s t  is the  

u ,  v scan system of t h e  source p i c t u r e .  The v a r i a b l e  u is  the  l i n e  number, 

and v i s  an element w i th in  a l i n e .  Each v a r i a b l e  i s  an  i n t e g e r  and begins  

w i t h  the  va lue  1. The second coord ina te  s y s t e m  is  the 2, z scan  system of 

t h e  t a r g e t  p i c t u r e ,  where w and z a r e  s i m i l a r l y  def ined .  The t h i r d  

coord ina te  s y s t e m  i s  t h e  set of n a t u r a l  l a t i t u d e ,  @ ,  and l o n g i t u d e , h  , 
l i n e s  on the e a r t h ' s  su r f ace .  These coord ina te s  are g e n e r a l l y  des i r ed  on 

- -  - 

- 
- 

- - 
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t h e  rect i f ied target p i c tu re ,  and it i s  assumed tha t  t h e y  w i l l  appear  on 

the  f i n a l  p i c t u r e .  

The f i rs t  s t e p  i n  t h e  proposed approach i s  t o  determine t h e  l a t i t u d e  

and longi tude  of each element i n  t h e  t a r g e t  p i c t u r e .  A s p e c i f i c  pro- 

j e c t i o n  must be specif ied-for  example, t h e  p o l a r  s t e r eograph ic .  The 

l a t i t u d e  and longi tude  of each  element w, z is  determined. These calcu- 

l a t i o n s  need be performed only  once, and can then be used over aga in  

as  r equ i r ed .  

- -  

The second s t e p  is  t o  g r i d  t h e  source  p i c t u r e .  Gridding methods t o  

perform t h i s  t a sk  a c c u r a t e l y  and quick ly  have been developed. Once t h i s  

p i c t u r e  is  gridded, t h e  l a t i t u d e  and longi tude  of any source  element can 

be obtained, as needed, by  simple i n t e r p o l a t i o n .  

The t h i r d  s t e p  is  t o  map t h e  source  p i c t u r e  i n t o  t h e  t a r g e t  p i c t u r e  

as  follows: For each t a r g e t  element w, z, determine whether i t s  l a t i t u d e  

and longi tude  a r e  w i t h i n  t h e  source p i c t u r e .  I f  yes, t hen  l o c a t e  t he  

source  element 2, v whose l a t i t u d e  and longi tude  i s  the  c l o s e s t  t o  the 

des i r ed  l a t i t u d e  and longi tude  pos i t i on .  The value of the  source element 

so chosen is  then s t o r e d  i n  t h e  des i red  t a r g e t  element.  Continuing i n  

t h i s  manner, a l l  t h e  t a r g e t  e l e m e n t s  are f i l l e d .  

- -  

- 

The advantage of the  above "inverse" approach i s  t h a t  over laps  and 

gaps are au tomat i ca l ly  taken ca re  of ,  w i t h  no extra process ing  needed. 

When ove r l ap  occurs i n  a "direct" r e c t i f i c a t i o n  scheme, one would have t o  

select among t h e  var ious  va lues .  I n  an "inverse" approach, the c l o s e s t  

v element is  chosen and t h e  o thers  ignored. (For the  MRIR da ta ,  i t  i s  u, - 
a n t i c i p a t e d  t h a t  scale f a c t o r s  w i l l  be chosen so  t h a t  no ove r l ap  w i l l  

occur i n  any r e c t i f i e d  p i c t u r e . )  

c a t i o n  scheme, one would select, using some extra processing, the n e a r e s t  

non-empty element on t h e  same l i n e .  With even more extra process ing  t h e  

n e a r e s t  non-empty element could be s e l e c t e d  cons ide r ing  o t h e r  l i n e s  as 

w e l l .  I n  the proposed "inverse" approach, t h e  n e a r e s t  non-empty element 

i s  au tomat i ca l ly  chosen, w i th  no a d d i t i o n a l  process ing  r equ i r ed .  

When a gap occurs i n  a " d i r e c t "  r e c t i f i -  

To  f u r t h e r  s tudy  t h e  "inverse" approach, three specific r e c t i f i c a t i o n  
I t  methods are presented .  Each i s  an inve r se t t  t y p e  of method, and they  are 
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c a l l e d  t h e  exac t ,  the  tabular ,  and  t h e  gr idded-tabular  methods. Each is  

descr ibed i n  some d e t a i l  and t h e  var ious advantages of each a r e  s t a t e d .  

To c a r r y  out  these desc r ip t ions  a po lar  s t e r eograph ic  p ro jec t ion  i s  

assumed. The e a r t h ' s  sur face  can be completely mapped by two such 

projections--each te rmina t ing  a t  the equa to r .  Also, t h e  l i n e a r  s c a l e  a t  

the  equator  i s  only twice t h a t  a t  a pole .  F ina l ly ,  t h i s  p ro j ec t ion  is  

commonly used for many purposes. Other p ro jec t ions  a r e  not  ru led  o u t .  

However, the purpose here  is not t o  recommend a p a r t i c u l a r  p ro jec t ion ,  

but  r a t h e r  t o  i n v e s t i g a t e  the  f e a s i b i l i t y  of r e c t i f y i n g  by d i g i t a l  

methods, To t h i s  end, t he  po la r  s te reographic  p ro jec t ion  i s  chosen simply 

a s  a good example. 

E .  DescriDtion of the  Rec t i f i ed  MRIR Data 

Before descr ib ing  the  three s p e c i f i c  r e c t i f i c a t i o n  methods, i t  is  

necessary t o  present  t he  po la r  s te reographic  p ro jec t ion .  I t  i s  a l s o  

p e r t i n e n t  t o  summarize the  MRIR scanning s y s t e m  and t o  i n d i c a t e  how these  

da t a  appear on a po la r  s tereographic  map. 

From among t h e  f i v e  MRIR channels, Channel 2 appears  t o  be the  most 

immediately use fu l  f o r  opera t iona l  purposes.  The Nimbus s a t e l l i t e  w i l l  

t r a v e l  i n  a noon-midnight o r b i t .  I t  i s  proposed t h a t  a l l  da t a  co l l ec t ed  

on the 

d a t a .  T h e  o r i g i n a l  Channel 2 is  thus thought of a s  two channels 

(Channel 2N and Channel 2M, w i t h  Channel 2N opera t ing  only a t  noon, and 

2M opera t ing  only a t  midnight).  I n  24 hours, Channel 2N w i l l  v iew the  

e n t i r e  e a r t h ' s  su r f ace ;  i n  the  same 24 hours, Channel 2M w i l l  a l s o  view 

the  e n t i r e  e a r t h ' s  su r f ace .  If one were t o  prepare a 24-hour mosaic f o r  

each channel, then f o u r  po la r  s te reographic  maps would result-a no r th  

and south  po la r  s te reographic  map f o r  each channel.  For one complete 

o r b i t  then, fou r  r e c t i f i e d  outputs  a r e  produced. Each such output  ranges 

from the  equator  t o  one of the  poles.  (If t h e  da t a  t o  be measured w e r e  

independent of t he  t i m e  of t h e i r  co l l ec t ion ,  then only two po la r  s t e r eo -  

g raph ic  mosaics would need t o  be made. Each such mosaic would be com- 

p l e t ed  i n  12 hours . )  In  any event, i t  is  assumed t h a t  each complete 

o r b i t  is  divided i n t o  fou r  qua r t e r -o rb i t s ,  where a quar t e r -o rb i t  extends 

I? noon" s i d e  be presented on a d i f f e r e n t  output  than the  "midnight" 
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from the  equator  t o  a pole .  At ten t ion  w i l l  thus  be focused on t h e  

r e c t i f i c a t i o n  of a qua r t e r -o rb i t .  

The po la r  s te reographic  pro jec t ion  is commonly used f o r  many weather 

app l i ca t ions ,  and a b r i e f  descr ip t ion  of it can be found i n  Ref. 15. Fig- 

ure  18 conta ins  a po r t ion  of a polar  s t e r eograph ic  map t h a t  ends a t  t h e  

equator .  (The source map is  a base map used for weather da t a  purposes.)  

The s c a l e  change wi th  l a t i t u d e  i s  shown a t  t he  bottom of F ig .  18, and i s  

a l s o  descr ibed i n  Ref. 15. The l i n e a r  s c a l e  a t  t he  equator  is twice the  

s c a l e  a t  t h e  po le ;  thus  the  a rea  magnification is  f o u r  t o  one. 

1. The MRIR Gridded Area 

Figure 19 d i sp lays  t h e  pos i t i on  of t h e  s a t e l l i t e .  A s  i n  t he  

HRIR system, it i s  assumed t h a t  only the  da t a  wi th in  the  c e n t r a l  109' 

w i l l  be gr idded;  t h i s  is  a l s o  the  a rea  t h a t  w i l l  be r e c t i f i e d .  

In order  t o  determine the l o c a t i o n  of t h i s  swath on the  ea r th ,  

it is assumed t h a t  t he  e a r t h  i s  sphe r i ca l ,  t h a t  t h e  s a t e l l i t e ' s  a l t i t u d e  

i s  cons tan t ,  t h a t  t he  th ree  a t t i t u d e  e r r o r s  ( r o l l ,  yaw, and p i tch)  are 

each aero,  and t h a t  t he  s a t e l l i t e  has no forward motion during the  

viewing of each l i n e .  The e f f e c t  of these  assumptions ( f o r  t he  purpose 

of t h i s  d i scuss ion)  is  e i t h e r  ze ro  or  near  zero .  The reasons f o r  t h i s  

s ta tement  are given l a t e r ,  

In  F ig .  20,  t h e  g r e a t  c i r c l e  WOE i s  the  equator ,  t he  g r e a t  

c i r c l e  NOS is  a meridian of longitude, and the  g r e a t  c i r c l e  AOB is  the  

SSP t r a c k  which makes an angle of loo with NOS a t  t he  equator  c ross ing  

poin t ,  0. The s p h e r i c a l  t r i a n g l e  N E ,  i s  the  f i r s t  t r i a n g l e  solved.  

A r c  NO is  90°, angle  NOC, i s  loo, and the  a r c  OC, is given var ious  va lues  

from Oo t o  90°. One then so lves  f o r  t he  a r c  NC,. Arc COD i s  then equal  

t o  (90° - NC,) and is  t h e  l a t i t u d e  of t he  s u b s a t e l l i t e  po in t  C o .  

ONCo is  then obtained;  it is  the  longitude of po in t  C, wi th  respect t o  

po in t  0. 

Angle 

The s p h e r i c a l  t r i a n g l e  C,NC, i s  the  next  one t o  be solved.  A r c  

C,C,C,is perpendicular  t o  the  SSP t rack ,  s i n c e  C I C , C , i s  t he  scan l i n e  

through poin t  C, . One can thus  obtain angle  NC,C,. A r c  C , C , i s  14.3', 
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SATE LLlTE 

2 8.64O = I720 nm 
(WIDTH OF GRIDDED AREA) 

5 8 . 4 O z  3500 nm 
(TOTAL AREA) 

I "  = 7 5 0  nm 

EARTH CENTER 
RA-1927-125 

FIG. 19 SATELLITE POSITION ABOVE THE EARTH 
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N A 

RA-3927- I24 
S 

FIG. 20 THE SSP TRACK AND THE EDGE OF THE SWATH 

I 

0' 
which is t h e  edge of t he  gr idded swath (see Fig. 19).  Knowing arc  NC 

from t h e  previous t r i a n g l e ,  one can then  ob ta in  arc NCIand ang le  CINC' . 
These are i n  t u r n  used t o  ob ta in  the l a t i t u d e  and longi tude  of po in t  C, . 
I n  a 

and longi tude  of po in t  C, . A r c  C&Cz is a lso  equal  t o  14.3'. 

s imilar  fash ion ,  t r i a n g l e  %NC& is solved t o  o b t a i n  t h e  l a t i t u d e  

In Fig. 18, t h e  arc FE is t h e  SSP t r a c k  (and corresponds t o  t h e  

po in t  Co as OCo v a r i e s  from Oo t o  90'). A r c  CA, i n  Fig. 18, s i m i l a r l y  

corresponds t o  po in t  C1 ; and a rc  DB s i m i l a r l y  corresponds t o  p o i n t  C z .  

The reg ion  ABDC is a p o l a r  s te reographic  r e c t i f i c a t i o n  of t h e  griddod 

area of a q u a r t e r - o r b i t .  Note t h a t  t h e  SSP t r a c k  is t angent  t o  t h e  

80' circle of l a t i t u d e .  The region ABDC is drawn f o r  t h e  nor thern  

hemisphere, where t h e  sa te l l i t e  t r a v e l s  from E t o  F. Returning t o  t h e  

assumptions regard ing  these  r e s u l t s ,  assume t h a t  t h e  e a r t h ' s  r o t a t i o n  is 
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considered. Then each scan l i n e  covers a po r t ion  of t he  e a r t h  s l i g h t l y  

westward of t he  preceding l i n e .  

region t o  be more " s l an ted . "  However, the  n e t  a r ea  viewed--say, i n  square 

m i l e s - - w i l l  remain the same ( i n  the same way t h a t  t he  a rea  of a p a r a l l e l -  

ogram is equal  t o  t h a t  of a rectangle  where the h e i g h t s  and l eng ths  a r e  

equa l ) .  The assumption regarding the forward motion of t he  s a t e l l i t e  

while  it is  scanning a l s o  l eads  t o n o  change i n  a r e a .  If a t t i t u d e  e r r o r s  

a r e  present ,  then the  a rea  viewed d o e s  change very s l i g h t l y ,  bu t  t he  

percentage change is  n i l .  

The n e t  e f f e c t  is  t o  cause the  e n t i r e  

The shape of t h e  po la r  s te reographic  region i n  t h e  southern 

hemisphere, when t h e  s a t e l l i t e  approaches t h e  pole ,  is the  same a s  i n  

F ig .  18. However, when the  s a t e l l i t e  i s  moving t o  the  north,  then the  

po la r  s te reographic  region i s  the mirror image of t h a t  i n  F i g .  18. In  

any event ,  the  a r e a s  of these  pro jec t ions  a r e  a l s o  the  same. 

2.  The (Unrec t i f ied)  MRIR Source P i c t u r e  

I n  t h e  source p i c tu re  each scan l i n e ,  caused by one mirror 

r o t a t i o n ,  corresponds t o  one l i n e  i n  the  p i c t u r e .  Each equal  mirror 

angle ,  a t  the  s a t e l l i t e ,  corresponds t o  one element a long each l i n e .  

For a quar te r -orb i t ,  the  s i z e  of the source p i c t u r e  i s  a s  fol lows:  The 

r e so lu t ion  of an MRIR device i s  2.8'. I n  t h e  t o t a l  viewing angle  of 

109O there  a re ,  t he re fo re ,  (109O/2,8O) = 39 elements i n  each scan l i n e .  

A t  t h i s  angle  of 2.8O, and for  an a l t i t u d e  of 500 nm, the  r e s o l u t i o n  

element a t  t he  SSP t r a c k  covers an a rea  24 .4  nm by 24 .4  nm. I f ,  along 

t h e  SSP t rack ,  t he  mir ror  revolves  a t  such a rate t h a t  t he re  a r e  no 

overlapping l i n e s ,  o r  gaps between l i n e s ,  then there w i l l  be 

(5,400/24.4) = 220 l i n e s  i n  a qua r t e r -o rb i t .  

(39) = 8,580 da ta  elements i n  the  source p i c t u r e .  

There a r e  thus  (220) 

3. Rela t ionship  Between the  Source P i c t u r e  and the  Polar  
S te reographic  R e c t i f i c a t i o n  

I t  is  assumed t h a t  there  w i l l  be no over lap  of da t a  when the  

source p i c t u r e  i s  r e c t i f i e d  t o  a p o l a r  s t e r eograph ic  p ro jec t ion .  The 

minimum magnif icat ion of a po la r  s te reographic  p ro jec t ion  occurs about 

t he  pole .  I t  i s  assumed t h a t  there  w i l l  be no overlaps i n  t h i s  region, 
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but it is a l s o  assumed t h a t  t h e r e  w i l l  be no gaps. Thus, t h e  source  d a t a  

are given no scale change when mapped i n t o  t h i s  area. I n  Fig.  18, t h e  

minimal scale facto’: is Ppplied i n  t h e  v i c i n i t y  of po in t  E. A t  po in t  E 

t h e  s ize  of each t a r g e t  element is  t h u s  set a t  24.4 nm by 24.4 nm. Since 

t h e  d i s t a n c e  from A t o  B i s  1720 nm, t h e r e  are(1720/24.4) = 71 t a r g e t  

elements from A t o  B. The source  p i c t u r e  has only  39 elements i n  t h i s  

same arc. I n  Fig.  18, t h e  d i s t ance  GH i s  39/71 of t h e  d i s t a n c e  AB. 

S ince  t h e r e  are 220 l i n e s  i n  t h e  source p i c t u r e ,  t h e  d i s t a n c e  G I  i s  equal  
+^ c.v oon/90 6yv,drl of t h e  d i s t a n c e  GH. The area G H J I  i s  tharefore t h e  size of t h e  

u n r e c t i f i e d  source  p i c t u r e  t h a t  corresponds t o  ABDC. 

The area of each of t h e  two reg ions  is determined; and t h e  

r e s u l t a n t  r a t i o  of t h e  areas is 2.986 t o  1 .0 .  There a r e  t h e r e f o r e  

approximately t h r e e  t i m e s  as many t a r g e t  elements as t h e r e  are source  

e lement s , 

I f  t h e  p o l a r  map, i n  Fig. 18, i s  magnified so  t h a t  t h e r e  are  

1 0  elements pe r  i nch ,  then t h e  r ad ius  of t h e  r e s u l t i n g  map (pole  t o  

equa to r )  w i l l  be 28 inches.  Reference t o  Fig.  1 4  shows t h a t  t h e  values of 

t h e  i n d i v i d u a l  elements can be e a s i l y  read  a t  t h i s  scale. I f  a p o l a r  

s t e r eograph ic  mosaic is made from success ive  swaths, t hen  t h e  diameter 

of the r e s u l t a n t  map w i l l  be 56 inches,  or 4 f t .  8 i n .  

4. Formatting t h e  R e c t i f i e d  Output 

I f  t h e  t a r g e t  p i c t u r e  i s  p r i n t e d  so t h a t  t h e r e  are 1 0  elements 

pe r  i nch ,  then  t h i s  p i c t u r e  w i l l  be about 28 inches  long and about 

14 inches  wide ( a t  t h e  widest  po in t )  a s  shown i n  Fig. 21. In a t y p i c a l  

f a c s i m i l e  dev ice ,  t h e  s ize  of t h e  paper used is 8 112 by 11 inches .  

Allowing f o r  margins, i t  i s  assumed t h a t  t h e  t a r g e t  p i c t u r e  w i l l  be 

p r i n t e d  as 8- by lo-inch p i c t u r e s .  This means t h a t  s e v e r a l  s e c t i o n s  w i l l  

r e s u l t  f o r  one qua r t e r -o rb i t .  The manner i n  which t h e  s e c t i o n s  are 

arranged i s  somewhat a r b i t r a r y .  Each l i n e  of numbers on t h e  t a r g e t  

p i c t u r e  i s  p a r a l l e l  t o  t h e  l i n e s  p r in t ed  by t h e  f a c s i m i l e  machine. I t  i s  

assumed t h a t  t h e  8-inch s i d e  of t h e  ou tput  s e c t i o n  w i l l  be p a r a l l e l  t o  

t h e  l i n e s  of da t a .  I n  Fig. 21, a f e a s i b l e  format i s  shown by t h e  d o t t e d  

l i n e s ,  With t h i s  arrangement, a qua r t e r -o rb i t  r e su l t s  i n  s i x  i n d i v i d u a l  

s e c t i o n s ,  which can then be jo ined .  
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5. Gridding t h e  Data Elements 

There are two b a s i c  methods f o r  i n d i c a t i n g  t h e  l o c a t i o n  of a 

g r i d  p o i n t ,  depending on t h e  accuracy t o  which i t  is computed. The 

r e s o l u t i o n  of a d a t a  po in t  near the  SSP t r a c k  is 24 nm. For some purposes 

it may be s u f f i c i e n t  t o  l o c a t e  a g r id  poin t  t o  a similar accuracy. An 

example of a d a t a  po in t  without a g r i d  po in t  i s  shown i n  Fig.  22(a) 

(see a l s o  F ig .  15 ) .  F igure  22(b) shows how t h e  e n t i r e  d a t a  element can 

be changed t o  i n d i c a t e  t h e  presence of a g r i d  po in t  t h a t  i s  somewhere 

w i t h i n  t h a t  area. Other background p a t t e r n s ,  such as a checkerboard,  

can a l s o  be used. I t  i s  d e s i r a b l e ,  from a hardware po in t  of view, t o  use 

only  t h e  same gray l e v e l s  as i n  t h e  normal d a t a  element,  

I f  t h e  g r i d  po in t  i s  ca l cu la t ed  t o  a h igher  accuracy, t h e n  a 

format such as i n  Fig.  22(c) can be  used t o  i n d i c a t e  t h e  g r i d  po in t  

l o c a t i o n .  The f a c s i m i l e  p r i n t e r  w i l l  normally have a p r i n t i n g  r e so lu t ion"  

of 100 elements per  inch. I f  10  MRIR d a t a  p o i n t s  are p r i n t e d  per inch ,  

t hen  each such d a t a  poin t  w i l l  occupy an  area con ta in ing  10  by 1 0  

" p r i n t i n g  r e so lu t ion"  elements. 

an area of 24 by 24 nm. 

sponds t o  an area of 2.4 by 2 .4  nm. Grid p o i n t s  can t h u s  be ind ica t ed  t o  

an accuracy of 2.4 nm. I f  on ly  5 MRIR d a t a  p o i n t s  are p r i n t e d  pe r  i nch ,  

t h e n  a g r i d  accuracy of 1 . 2  nm can be ind ica t ed .  

1 1  

Near t h e  SSP t r a c k ,  a d a t a  po in t  covers  

Thus each " p r i n t i n g  r e s o l u t i o n "  element cor re-  

FIG. 22 INDICATING A GRID POINT IN A DATA ELEMENT 
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F. The Exact R e c t i f i c a t i o n  Method 

In  t h i s  method, the source  p i c tu re  can be r e c t i f i e d  t o  any d e s i r e d  

degree of accuracy. The s a t e l l i t e  a t t i t u d e  e r r o r s  are t aken  i n t o  account 

i n  an exac t  way; as a r e s u l t ,  t h e  magnitude of such e r r o r s  does not 

reduce t h e  accuracy of t he  r e c t i f i c a t i o n .  The method c o n s i s t s  of t h r e e  

s t e p s  as descr ibed  below. 

1. Step  1 

The l a t i t ude - long i tude  coord ina tes  of each t a r g e t  element are 

determined f o r  a map such as i n  Fig. 18. I t  i s  assumed t h a t  t h e  longi- 

t ude  of po in t  F is  0". I n  t h i s  example, po in t  F i s  the  i n t e r s e c t i o n  of 

t h e  SSP t r a c k  and t h e  equator.  

involved i n  t h i s  s t e p  are performed only  once f o r  any given map p r o j e c t i o n . )  

( A s  noted previous ly ,  t h e  c a l c u l a t i o n s  

2.  Step  2 

The source  p i c t u r e  is  gridded us ing  any f e a s i b l e  g r idd ing  

method. 

where exac t  account i s  taken  of any a t t i t u d e  e r r o r s .  With s l i g h t  

changes i n  c o n s t a n t s ,  each can a l s o  be used f o r  t h e  MRIR p i c t u r e s .  The 

g r i d  "spacing" t h a t  should be used is  determined i n  S tep  3. 

s y s t e m ,  t h e  spac ing  used w a s  2' i n  l a t i t u d e  and 2" i n  longi tude .  The 

accuracy of t h e  r e c t i f i c a t i o n  procedure i s  r e l a t e d  t o  the  g r i d  spac ing  

used, where a smaller spacing y i e lds  a more a c c u r a t e  target  p i c t u r e .  

However, smaller g r i d  spacings w i l l  r e s u l t  i n  a somewhat longer  computing 

t i m e  t o  ob ta in  t h e  g r i d  po in t s .  I t  i s  no t  necessary  t o  determine t h e  

l a t i t u d e  and longi tude  of any other elements i n  the  source  p i c t u r e .  

( I f  desired, these coord ina tes  can  be obtained by i n t e r p o l a t i o n  from t h e  

gridded elements;  however, as described below i n  S tep  3, t h i s  c a l c u l a t i o n  

is  unnecessary.)  

Two such methods have been developed f o r  t h e  H R I R  p i c t u r e s ,  

I n  the HRIR 

A f t e r  t h e  p i c t u r e  has been gr idded ,  t h e  long i tude  of t h e  SSP 

track c ross ing  w i t h  t h e  equator  is  determined. This longi tude  va lue  is  

then  sub t r ac t ed  from t h e  longi tude  va lue  of each g r i d  p o i n t ,  
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3 .  Step  3 

I n  t h i s  s t e p ,  each t a r g e t  element i s  loca ted  i n  t h e  source  

p i c t u r e .  The n e a r e s t  source  element i s  i d e n t i f i e d  and its va lue  i s  

t r a n s f e r r e d  t o  t h e  d e s i r e d  target element .  This process  cont inues  u n t i l  

a l l  t h e  t a r g e t  elements are f i l l e d .  The nearest source  element is loca ted  

us ing  l i n e a r  i n t e r p o l a t i o n .  T h i s  l o c a t i o n  procedure is  expla ined  by 

means of a numerical example. 

r 

Assume thzt  i t  is  des i red  t o  d e t e r c i n e  t h e  value of the t a r g e t  

element,  where w = 160 and z = 73; t h a t  is l i n e  number 160 and element 

number 73 w i t h i n  t h i s  l i n e .  L e t  t h e  l a t i t u d e  and long i tude  of t h i s  

element be 28.3'N and 11.2"W. Assume t h a t  t h e  source  p i c t u r e  has  been 

gridded a t  2' i n t e r v a l s .  It  is then necessary t o  l o c a t e  on t h e  source 

p i c t u r e  t h e  f o u r  g r i d  p o i n t s :  point 1 = (30.0°N, 12.OoW), po in t  2 = 

(30.0°N, 10.OoW), po in t  3 = (28.03N, 12.OoW), and p o i n t  4 = (28.0°N, 

l0.O'W). Each of t h e s e  p o i n t s  has been gridded i n  S tep  2. Each of * 
t h e s e  p o i n t s  has  a u and v coordinate i n  t h e  source  p i c t u r e ,  where u 

i s  t h e  l i n e  number and v t h e  element number w i t h i n  t h e  l i n e .  Assume 

t h a t  t h e  u,  v coord ina tes  for each of t h e  f o u r  g r i d  p o i n t s  i s  as 

- - - 
- 

- -  
fo l lows :  (201,20), (198,27),  (207,21) and (204,29), r e s p e c t i v e l y .  

(These u,  v numbers and w ,  z numbers a rz  chosen t o  on ly  i l l u s t r a t e  t h e  

procedure and do not necessar i ly  have any r e l a t i o n  t o  actual  v a l u e s . )  

In  Fig.  23, t h e s e  f o u r  g r i d  po in t s  are d isp layed .  The approximate 

l o c a t i o n  of t h e  po in t  (28.3'N, 11.2'W) i s  a l s o  noted as  poin t  5 .  

- -  - -  

* I n  gene ra l ,  t h e  long i tude  values of t h e  g r i d  p o i n t s  w i l l  no t  be even 
mul t ip l e s  of 2'. As noted i n  S tep  2 ,  a cons t an t  is sub t r ac t ed  from 
a l l  l ong i tude  va lues ,  and t h i s  cons tan t  may have any va lue .  However, 
f o r  ease i n  understanding t h e  example, t h e  r eade r  can assume t h a t  t h i s  
cons tan t  i s ,  say ,  40.0'. 
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The u, v coord ina tes  of t he  poin t  (28.3'N, 11.2OW) a r e  - -  
u = 204.90 and v = 23.99. These values a r e  obtained from the  fo l lowing  

l i n e a r  i n t e r p o l a t i o n  formulas:  

u5 = 

v5 = 

( 1  - a - b + ab) u1 + (a - ab) u2 + (b - ab) u3 + (ab) U4( l )  

( 1  - a - b + ab) v i  + (a - ab) v2 + (b - ab) v3 + (ab) v4(2) 

where 

(1) u5 and v5 a r e  the  coord ina tes  of t he  d e s i r e d  t a r g e t  

element;  (ul, v l ) ,  (u2, v2), (u3, v3) ,  and (u4, v4)  are 

t h e  coord ina tes  of t he  f o u r  g r i d  p o i n t s  immediately 

surrounding (us, vs), such t h a t  t h e i r  l a t i t u d e s  and 

longi tude values  "enclose" t h e  l a t i t u d e  and longi tude of 

t he  des i r ed  t a r g e t  element.  (Note t h e  l a t i t u d e  and 

longi tudes  i n  F ig .  23 as an  example.) 

(2) (uz, vl) i s  the  "upper-left" po in t ,  (u2, v2) i s  the  

"upper-right" point,  (u3, v3) i s  the  "lower-left" point ,  

and (u4, v4) i s  the "lower-right" po in t .  

(3) a i s  the  percentage d i f f e r e n c e  i n  longi tude  t h a t  po in t  5 - 
l i e s  from 1 t o  2, or from 3 t o  4--in F ig .  23, 

- a = 0.3/2.0 = 15%; 

(4) b is t h e  percentage d i f f e r e n c e  i n  longi tude  t h a t  po in t  5 - 
l i e s  from 1 t o  3, or from 2 t o  4--in F ig .  23, 

b = 1.7/2.0 = 85%. - 
To der ive  t h e  l i n e a r  i n t e rpo la t ion  formula one locates t h e  

coord ina tes  of a po in t  t h a t  i s  a% of the  d i s t a n c e  from po in t  1 t o  po in t  

2, and a l s o  t h e  coord ina tes  of a point  t h a t  is  a% of the  d i s t ance  from 

p o i n t  3 t o  po in t  4 .  One then loca te s  t h e  coord ina te s  of a t h i r d  poin t  

t h a t  i s  b% of the  d i s t a n c e  from t h e  f i r s t  c a l c u l a t e d  po in t  t o  t h e  second 

ca l cu la t ed  p o i n t .  The t h i r d  ca lcu la ted  po in t  is the  d e s i r e d  one. 

- 
- 

- 

I t  is  recommended t h a t  only l i n e a r  i n t e r p o l a t i o n  be used t o  

ob ta in  the  coord ina tes  of t h e  des i red  t a r g e t  e lements .  

formulas are no t  s u f f i c i e n t l y  accurate, then it  i s  necessary  t o  decrease 

I f  t he  given 
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t h e  g r i d  spacing used i n  S tep  2 .  For example, i t  may be nzcessary  t o  

l o c a t e  eve ry  1' l a t i t u d e  and longitude i n t e r s e c t i o n .  Note a l s o  t h a t  it 

i s  more accu ra t e  t o  save the  exac t  l o c a t i o n  of every  g r i d  p o i n t  ra ther  

than rounding-off t o  the  n e a r e s t  l i n e  number and element number. 

Rounding-off i s  only necessary  when producing a hard-copy p r i n t .  

In  t h e  given example the u, v coord ina tes  of t h e  d e s i r e d  t a r g e t  
I -  

element are u = 204.90, and v = 23.99 .  One then  s e l e c t s  t h e  va lue  of 

element (205,24) and l o c a t e s  t h i s  value i n  t h e  target p i c t u r e  whose 

element coord ina tes  are w = 160, and z = 73. T o  f i l l  j u s t  one t a r g e t  

element t hus  r e q u i r e s  about n ine  m u l t i p l i c a t i o n s  i n  Eqs. (1) and (2), 

and two d i v i s i o n s  t o  ob ta in  t h e  values a and b; i n  a d d i t i o n  s e v e r a l  

a d d i t i o n s  and s u b t r a c t i o n s  are necessary.  
- 

I n  t h e  above procedure it i s  necessary  t o  l o c a t e  each t a r g e t  

element i n t o  t h e  source p i c t u r e .  This i s  q u i t e  a conserva t ive  approach 

and i s  necessary  only i f  t h e  slopes of t h e  l a t i t u d e  and longi tude  l i n e s  

are changing extremely r a p i d l y .  A better approach would be t o  loca t e ,  

say, eve ry  o t h e r  t a r g e t  element.  The l o c a t i o n  of an in t e rmed ia t e  t a r g e t  

element would then be simply the average of t h e  l o c a t i o n s  of i t s  two 

ad jacen t  elements,  Depending on the accuracy required,  one can extend 

t h i s  concept and loca te ,  s ay ,  every t e n t h  t a r g e t  element and o b t a i n  t h e  

l o c a t i o n  of the  o t h e r s  by simple propor t ions .  The advantage i s  obviously 

t o  f u r t h e r  decrease t h e  amount of computer c a l c u l a t i o n s  pe r  element.  

Each t a r g e t  l o c a t i o n  t h a t  is  obtained by simple propor t ions  would r e q u i r e  

only  two m u l t i p l i c a t i o n s .  
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4 .  Timing E s t i m a t e  

S ince  t h e  target p i c t u r e  f o r  a q u a r t e r - o r b i t  con ta ins  t h r e e  

times as  many elements as  t h e  source p i c tu re ,  t h e r e  are 25,740 t a r g e t  

elements.  To ob ta in  t h e  x, y coordinates of each  t a r g e t  element r e q u i r e s  
?I* 

e l e  ve n "equiva l e n t  mu1 t i p 1 i ca t ions  , 
m u l t i p l i c a t i o n "  takes 300 micro-seconds on the CDC-924. 

t he  t a r g e t  elements w i l l  r e q u i r e  (25,740) (11) (300 micro-seconds) = 

8 4 . 9  seconds. T o  r e c t i f y  a complete o r b i t  would then  r e q u i r e  about 

6 . 4  minutes. Added tc? this i s  about ann the r  mini-1t.e of computing t i m e  

necessary  t o  g r i d  t h e  source  p i c tu re ,  i f  a 2' spac ing  is  used. 

whe re each such "equiva l e n t  

To r e c t i f y  a l l  

These computing t i m e s  a r e  f o r  on ly  one channel.  There are, i n  

t o t a l ,  f i v e  MRIR channels.  However, each of t h e s e  channels views t h e  

i d e n t i c a l  po r t ion  of the  ear th  a t  the same t i m e .  Therefore,  t h e i r  g r i d s  

and r e c t i f i c a t i o n s  are i d e n t i c a l l y  t h e  same. The t o t a l  t i m e  t o  g r i d  and 

r e c t i f y  a l l  t h e  MRIR channels should be wi th in  10 minutes.  

In  t h e  above, i t  is  assumed t h a t  each t a r g e t  element w i l l  be 

t r a n s f e r r e d  i n t o  t h e  source p i c t u r e .  I t  does n o t  appear t h a t  t h i s  degree 

of p rec i s ion  is  necessary .  I t  i s  s u f f i c i e n t  i n  many p o r t i o n s  of the 

target  p i c t u r e  t o  t ransform every  o the r  element.  The transformed 

coord ina te s  of the remaining t a r g e t  elements are obtained b y  a simple 

average .  Upon f u r t h e r  examination, it may be poss ib l e  t h a t  even fewer 

elements need be transformed. It  is thus  estimated t h a t  t he  10-minute 

computing period is  a high upper bound. 

* "Equiva len t  m u l t i p l i c a t i o n s "  a re  used t o  estimate computer time 
requi red .  Mul t ip ly  and d iv ide  each are counted as  one equ iva len t  
m u l t i p l i c a t i o n .  Evalua t ion  of a t r i gonomet r i c  func t ion  i s  counted as  
e i g h t  and f i n d i n g  a square root as  f i v e  equ iva len t  m u l t i p l i c a t i o n s .  
The number 8 i s  based on the  use of e f f i c i e n t  polynomials t ha t  would 
average e i g h t  mu l t ip ly  and d iv ide  ope ra t ions  and 5 i s  based on t h e  use 
of Newton's method, averaging  f i v e  m u l t i p l i c a t i o n s  and d i v i s i o n s .  I n  
t h i s  method l o g i c a l  i n s t r u c t i o n s ,  add, s u b t r a c t ,  s t o r e ,  e t c . ,  are 
accounted f o r  by t h e  assumption t h a t  equ iva len t  m u l t i p l i c a t i o n  
r e p r e s e n t s  10% of the  t o t a l  computing time. The t o t a l  number of 
equ iva len t  m u l t i p l i c a t i o n s  i s  mul t ip l i ed  by 300 microseconds t o  ob ta in  
t o t a l  computing t i m e .  Actually,  the CDC 924 mul t ip ly  t i m e  i s  2 7 . 9  
microseconds or less, depending on t h e  number of ones i n  the  m u l t i p l i e r .  
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G. The Tabular  R e c t i f i c a t i o n  Method 

For some purposes it may be reasonable t o  assume tha t  the satel l i te  

a t t i t u d e  e r r o r s  and a l t i t u d e  va r i a t ion  can be ignored. I t  is  a n t i c i p a t e d  

t h a t  t h e  a c t u a l  a t t i t u d e s  w i l l  be wi th in  f2.0°, and t h a t  the  a l t i t u d e  

w i l l  be wi th in  f30 f e e t .  Each such "departure"  w i l l  r e s u l t  i n  a data 

l o c a t i o n  error of less than  24 nm--which is  t h e  s i z e  of a r e s o l u t i o n  

element.  I f  the  sa te l l i t e  "departures" are ignored, then  the  t a r g e t  

elements and the g r i d  po in t s  w i l l  not  be inaccura t e  by more than  one 

r e s o l u t i o n  element.  

For t hese  assumptions, a p a r t i c u l a r l y  s i m p l i f i e d  r e c t i f i c a t i o n  

method can be developed, which cons i s t s  of two s t e p s :  the f i r s t  s t e p  

r e s u l t s  i n  a gr idded source p i c tu re ;  the  second is  t h e  r e c t i f i c a t i o n  t o  

t he  t a r g e t  p i c t u r e .  

The gr idding  process,  performed i n  the f i rs t  s t ep ,  is no t  a 

necessary  opera t ion  p r i o r  t o  r e c t i f i c a t i o n ,  a l though it  is  desirable t h a t  

the  g r i d  p o i n t s  be present  i n  the t a r g e t  p i c t u r e .  I t  is  necessary,  

though, t o  compute the  longi tude  of t h e  poin t  where the  SSP t rack i n t e r -  

sects t h e  equator .  The longi tude  of t h i s  po in t  i s  denoted a s h  . 
0 

The g r idd ing  method used i s  a p a r t i c u l a r l y  simple one. Since the  

a t t i t u d e  e r r o r s  are assumed t o  be zero,  and the  a l t i t u d e  is  assumed t o  

be cons tan t ,  then  the  l a t i t u d e  and longi tude  of each source element is 

only  a func t ion  of t h e  heading angle, the long i tudeh  and scan-l ine 

number. The heading angle  is  always cons tan t  fo r  any given qua r t e r -o rb i t ,  

and changes only slowly from one o r b i t  t o  ano the r .  The l a t i t ude - long i tude  

va lues  of each source element can thus  be e a s i l y  determined. 
u l a r ,  t h e  l a t i t u d e  value of each source element is  only a func t ion  of 

t h e  l i n e  number and t h e  element number w i t h i n  a l i n e .  (The l a t i t u d e  

va lue  is  independent o f h  .)  The longi tude  value of each source element 

i s  a func t ion  of t h e  l i n e  number, t h e  element number wi th in  t h e  l i n e ,  

and h o .  

cons t an t .  That is ,  t h e  longi tude is  determined f o r  t h e  case whereh i s  

equa l  t o  ze ro .  

elements c l o s e s t  t o  t h e  desired la t i tude- longi tude  p o s i t i o n s  are then 

s e l e c t e d  a s  t h e  d e s i r e d  gr idded elements.  

0, 

In  partic- 

0 

The dependence on h is, however, only t h a t  of an  a d d i t i v e  
0 

0 

To t h e  value thus  obtained, t h e  value h o  i s  added. The 
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The r e c t i f i c a t i o n  procedure, i n  t he  second s t ep ,  c o n s i s t s  of a 

simple t a b l e  look-up t y p e  of operat ion.  

sub t r ac t ed  from any given quar te r -orb i t ,  then the  r e s u l t a n t  qua r t e r -o rb i t  

would be i d e n t i c a l  with any o the r  qua r t e r -o rb i t .  The r e c t i f i c a t i o n  f o r  

each qua r t e r -o rb i t  is then a l s o  the same. One can thus  cons t ruc t  a 

t a b l e  f o r  t h i s  purpose. 

of each source element, and the  1, v coord ina te  of t he  corresponding 

t a r g e t  element is  obtained.  Each source element w i l l  be t r a n s f e r r e d  t o  

a t  least .  one t a r g e t  element;  and i n  genera l  a s i n g l e  source element w i l l  

be t r a n s f e r r e d  t o  seve ra l  t a r g e t  elements. This  t a b l e  can be used a s  

many t i m e s  a s  des i red ,  s i n c e  the  correspondence between the  source 

p i c t u r e  and t a r g e t  p i c t u r e  i s  only a func t ion  of h (The only f a c t o r  

t h a t  would jeopard ize  the  accuracy of the  t a b l e  is  the  constancy of t h e  

heading of t he  satel l i te ,  s ince  it is  based on a cons tan t  value of SOo. )  

I f  t he  longi tude v a l u e h o  i s  

The t a b l e  i s  en tered  wi th  the  5, y coordinate  - 
- 

0’ 

It i s  not  poss ib le  t o  accura te ly  determine the  amount of computer 

t i m e  required without a c t u a l l y  programming the  method. However, it is  

est imated t h a t  a f u l l  o r b i t  f o r  a l l  f i v e  MRIR channels  can be gridded 

and r e c t i f i e d  i n  about a minute using the  CDC-924. 

H .  The Gridded-Tabular Rec t i f i ca t ion  Method 

This  method i s  in te rmedia te  between t h e  exac t  and t h e  t a b u l a r  

methods. It r e t a i n s  advantages of each and is est imated t o  be reasonably 

r ap id .  Of the  th ree  methods, t h i s  method i s  p a r t i c u l a r l y  recommended for 

r e c t i f y i n g  MRIR da t a .  

Using the  a c t u a l  a t t i t u d e  errors. and the  a c t u a l  a l t i t u d e ,  t he  

source p i c t u r e  is accura t e ly  gridded using the  same procedure a s  i n  t h e  

exac t  method. A ca lcu la t ed  accuracy of 1 nm i s  e a s i l y  obtained.  A f t e r  

t h e  g r i d  p o i n t s  are located,  t he  t a r g e t  elements a r e  f i l l e d  using t h e  

t a b u l a r  approach. The n e t  r e s u l t  is a r e c t i f i e d  p i c t u r e  t h a t  c l o s e l y  

approximates a po la r  s te reographic  and has  g r i d  po in t s  superimposed t h a t  

a r e  loca ted  very accu ra t e ly .  

The accuracy of the  r e c t i f i c a t i o n  w i l l  be wi th in  one r e so lu t ion  

element--24 nm a t  t he  SSP t r a c k .  And the  accuracy of t he  g r i d  po in t s  

w i l l  be wi th in  1 nm. These two s ta tements  r e l a t e  t o  sepa ra t e  c r i t e r i a  
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and should not  be confused. T h e  g r i d  po in t  accuracy refers t o  the  

r e l a t i v e  accuracy between the pos i t ion  of t a r g e t  elements and the  pos i t i on  

of t he  g r i d  p o i n t s .  R e c t i f i c a t i o n  accuracy refers t o  how c l o s e l y  the  

a c t u a l  r e c t i f i c a t i o n  compares w i t h  a t r u e  po la r  s t e r eograph ic  p r o j e c t i o n .  

I n  a c t u a l  f a c t ,  the r e c t i f i c a t i o n  e r r o r  v a r i e s  very l i t t l e  wi th in  a small  

region, because the  s a t e l l . i t e  i t s e l f  can only change i t s  a t t i t u d e  s lowly.  

Thus, shape d i s t o r t i o n s  w i l l  be minimal wi th in  small a r e a s ;  and t h i s  

requirement is  more important than the  absolu te  amount of r e c t i -  

f i c a t  ion e r r o r .  

The high gr idding  accuracy does al low one t o  compare the  MRIR 

p i c t u r e s  w i t h  HRIR, AVCS, or any other  d a t a .  And a s  seen above, t he  

lower r e c t i f i c a t i o n  accuracy of t h i s  method i s  adequate .  The g r i d  p o i n t s  

themselves can be presented a s  given i n  F ig .  22(c) .  I n  t h i s  way they  can 

be depic ted  t o  g r e a t e r  accuracy than 24 nm r e s o l u t i o n .  

1. Location of G r i d  Poin ts  

I t  is  not  immediately obvious how one f i n d s  the  pos i t i on  a t  

which t o  e n t e r  a g r i d  poin t  i n t o  t h e  rectif ied t a r g e t  p i c t u r e .  This  

problem is  a l s o  present  i n  the  other  two r e c t i f i c a t i o n  methods; however, 

i t s  p resen ta t ion  i s  more apropos i n  t h i s  method. Consider f i r s t  the  

s impler  s i t u a t i o n  where a g r i d  point is ca l cu la t ed  t o  an accuracy of 

24 nm. This means t h a t  t he  neares t  source element i s  i d e n t i f i e d  a s  

conta in ing  t h i s  g r i d  po in t .  The loca t ion  of t he  g r i d  po in t  w i th in  the  

source element cannot be spec i f i ed .  When the  source p i c t u r e  is  r e c t i f i e d ,  

a given source element may map i n t o  only one t a r g e t  element, or may map 

i n t o  seve ra l  t a r g e t  e lements .  

c o r r e c t  t o  i n d i c a t e  each one of the s e v e r a l  t a r g e t  elements a s  a g r i d  

e lement .  In  a po la r  s te reographic  pro jec t ion ,  t he  g r i d  elements a r e  

shown a s  l a r g e r  a r e a s  c l o s e r  t o  the equator ,  because t h e  p ro jec t ion  i s  

"Stretched" i n  t h i s  region more than i n  any o the r  reg ion .  Aes the t i ca l ly ,  

however, it would be p re fe rab le  tha t  only one t a r g e t  element be ind ica t ed  

a s  a g r i d  element, i r r e s p e c t i v e  of t he  amount of l o c a l  magni f ica t ion .  

In  F ig .  24(a),  a source element i s  shown t h a t  maps i n t o  three t a r g e t  

e lements .  

In the  l a t t e r  case,  it is  p e r f e c t l y  

I f  t h i s  source element happened t o  conta in  a g r i d  point ,  then 
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FIG. 24 INDICATING A TARGET ELEMENT CONTAINING A GRiD ?OiNT 

it  could be ind ica t ed  as t h r e e  g r i d  elements i n  the t a r g e t  p i c tu re ,  as  

shown i n  F ig .  24(b) .  Preferab ly ,  only one of t h e  t h r e e  t a r g e t  elements 

would be s e l e c t e d  as a g r i d  element, as  shown i n  F ig .  24 (c ) .  This  s i n g l e  

target element can be s e l e c t e d  on an a r b i t r a r y  b a s i s .  Another p o s s i b i l i t y  

would be t o  c a l c u l a t e  t h e  g r i d  point l o c a t i o n  t o  an  accuracy better than  

24 nm, and so select t h e  proper t a r g e t  element.  

A s i t u a t i o n  more complex than t h a t  d i scussed  above occurs when 

t h e  g r i d  p o i n t  i s  c a l c u l a t e d  t o  an accuracy of about 1 nm. I t  is  now 

necessary  t o  select no t  only t h e  proper t a r g e t  element, bu t  t o  a l s o  

i n d i c a t e  a l o c a t i o n  w i t h i n  t h i s  t a r g e t  element [as  shown i n  F ig .  22 (c ) ] .  

This  i s  achieved by  f i r s t  g r idd ing  t h e  source p i c t u r e  t o  t h e  r equ i r ed  

accuracy. I n  t h i s  case, the  loca t ion  w i t h i n  a p a r t i c u l a r  source element 

i s  noted--say, a A x  and a Ay o f f s e t  from t h e  c e n t e r  of t he  source  element.  

These t w o  q u a n t i t i e s  are expressed a s  percentages a s  shown i n  Fig.  25 (a ) .  

Each source  element has  a corresponding a r e a  of coverage i n  t h e  t a r g e t  

p i c t u r e .  ( I n  f a c t ,  t h i s  i s  haw the t a b u l a r  procedure i s  determined.)  

The corresponding area can be spec i f i ed  wi th  f o u r  q u a n t i t i e s :  t h e  w z -' - 
coord ina te  of t h e  c e n t e r  of t he  r e c t i f i e d  square a r e a ;  t h e  magnification, 

m, of t h e  r e c t i f i e d  square a r e a ;  and t h e  angu la r  r o t a t i o n ,  2 , of t h e  

r e c t i f i e d  square area. The exac t  l oca t ion  of t h e  g r i d  po in t  can then  be 

loca ted  i n  t h e  w, z coord ina te  system of t h e  t a r g e t  p i c t u r e  as shown i n  

Fig.  25(b).  

- 

- -  
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FIG. 25 POSITION OF A GRID POINT IN A TARGET ELEMENT 

2 .  General Flow Chart  

Based on the  t iming es t imates  f o r  the  exac t  and t a b u l a r  methods, 

i t  appears  t h a t  a l l  f i v e  channels can be gridded and r e c t i f i e d  i n  about 

2 minutes using the  CDC-924. A more accura te  e s t ima te  would n e c e s s i t a t e  

t h e  cons t ruc t ion  of an a c t u a l  computer program. A genera l  f low cha r t  of 

t h i s  method is  given i n  F ig .  26 and i s  app l i cab le  t o  almost any 

general-purpose computer. A more d e t a i l e d  flow c h a r t  cannot be prepared 

without  re ference  t o  a s p e c i f i c  computer. 
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FOR A GIVEN QUARTER- FOR THE GIVEN CUARTER- CALCULATE THE GRID 
ORBIT, INPUT THE 
DIGITIZED MRlR DATA. 
CONVERT IR READINGS 
TO TEMPERATURES. 

FOR THE GIVEN QUARTER- 
ORBIT, SELECT THE 
APPROPRIATE SET OF 
TRANSFORMATION TABLES. 
THERE ARE TWO SUCH 
SETS, EACH OF WHICH 
CONTAINS SIX SECTIONS. 

I ORBIT, INPUT THE 

D 

ORBITAL PARAMETERS 
(ATTITUDE, HEIGHT, 
HEADING, TIME THAT SSP 
CROSSES THE EQUATOR). h LOCATIONS USING 2 O  

INTERVALS. ENTER 
THESE POINTS INTO 
THE SOURCE DATA. 

I I I I I - 

I 

INPUT ONE OF THE UNUSED 
SECTIONS INTO THE 
COMPUTER. 

ENTER DATA VALUES 
AND GRID POINTS 
INTO THE TARGET 
ELEMENTS FROM THE 
APPROPRIATE SOURCE 
ELEMENTS. WHEN THE 
SECTION IS FULL, 
OUTPUT THE SECTION 
TO AN OFF-LINE 
STORAGE UNIT WHICH 
THEN SENDS THE DATA 
TO A FACSIMILE 
PRINTER. 

HAVE A L L  SIX 
SECTIONS BEEN 

FILLED? 

RE- 3927- 127 

FIG. 26 GENERAL FLOW CHART FOR THE GRIDDED-TABULAR RECTIFICATION METHOD 
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The flow c h a r t  c o n s i s t s  of seven func t ions ,  each of which is  

d iscussed  below: 

P r i o r  t o  e n t e r i n g  t h e  da t a  i n t o  the  computer, the MRIR 
analog s i g n a l  must pass through an ana log- to-d ig i ta l  
device .  The r e s u l t a n t  d i g i t a l  d a t a  occupy (220) (39) = 
8,580 addresses  within the  computer. Each address  
con ta ins  t h r e e  items: (1) a u value,  where u = 1, 2 , .  . . , 39 ;  
(2) a v value,  where v = 1, 2, . . ., 220; and (3) an I R  
reading.  
converted t o  temperatures, where the  temperature i s  then 
rounded-off t o  the  nea res t  1 O 0 K .  The set of poss ib le  
temperatures is 200°K, 210°K, . . . , 320OK. Once the  
temperature is  determined, t he  o r i g i n a l  I R  reading i s  no 
longer  s t o r e d .  

S u f f i c i e n t  information must be en tered  here  so t h a t  t he  g r i d  
p o i n t s  and the longitudeh. can be computed. T h i s  longi-  
tude i s  the  poin t  a t  whic8 t h e  SSP t r a c k  c rosses  the  
equator .  These ca l cu la t ions  r equ i r e  s p e c i f i c a t i o n  of t h e  
t i m e  and l o c a t i o n  of the  s a t e l l i t e  f o r  t he  given 
qua r t e r -o rb i t  . 
The source p i c t u r e  is gr idded using 2O g r i d  po in t s .  Near 
t h e  pole,  a somewhat g r e a t e r  spacing is  used, similar t o  
the  HRIR g r i d  pa t t e rn .  A g r i d  po in t  is  loca ted  according 
t o  t h e  u, v coordinate system i n  the  source p i c t u r e .  I f  
t h e  g r i z  po in t s  a r e  ca l cu la t ed  t o  a 24-nm accuracy, then 
it is only necessary t o  i n d i c a t e  whether or not  a source 
element conta ins  a g r id  p o i n t .  I f  t he  g r i d  po in t s  a r e  
c a l c u l a t e d  t o  a 1-nm accuracy, then it is  a l s o  necessary 
t o  i n d i c a t e  -dx q u a n t i t i e s A x , A  y, fl, and (Y f o r  t he  
source element . 
There a r e  two sets of t ransformat ion  t a b l e s  corresponding 
t o  t h e  f o u r  qua r t e r -o rb i t s .  Each set is  composed of s i x  
sec t ions ,  s i m i l a r  t o  t h a t  shown i n  F ig .  21, where each 
s e c t i o n  corresponds t o  a n 8 - b y  10-inch output  p i c t u r e .  
An output  p i c t u r e  has 10 d a t a  po in t s  pe r  inch .  There a r e  
thus  (80) (100) = 8,000 d a t a  p o i n t s  pe r  s e c t i o n .  A s  can 
be seen i n  F ig .  21, no one s e c t i o n  i s  completely used; a 
maximum of about 6,000 da ta  p o i n t s  need be f i l l e d .  

Any u n f i l l e d  sec t ion  may be en te red  next  i n t o  the  computer 
memory. Each such sec t ion  con ta ins  8,000 t a r g e t  addres ses .  
Each t a r g e t  address con ta ins  one of two i t e m s :  (1) t he  
u v coord ina tes  of a source da t a  element, or (2) a I - 
blank e n t r y .  

Each of t he  8,000 t a r g e t  addresses  is  examined i n  t u r n .  
I f  t he  conten ts  a re  blank, t h e  program proceeds t o  the  
next  t a r g e t  address .  I f  a u, v coord ina te  i s  present ,  
then the  proper source addres s  is  loca ted .  The temperature 

- 
Using a s u i t a b l e  formula, t h e  I R  readings are 

- 

- -  
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value i s  t r ans fe r r ed  t o  t h e  t a r g e t  addres s ,  I f  a g r i d  
po in t  is present ,  i ts  t a r g e t  p o s i t i o n  i s  a l so  determined 
and t r a n s f e r r e d .  When a l l  the  t a r g e t  addresses  have been 
examined and f i l l e d ,  t h e  e n t i r e  s e c t i o n  is  read out  t o  an 
o f f - l i ne  s to rage  u n i t .  This  o f f - l i n e  u n i t  acts  as  a b u f f e r  
f o r  t he  f a c s i m i l e  device.  

(7) This  is  simply a branch command; it determines when t h e  
r e c t i f i c a t i o n  process f o r  a qua r t e r -o rb i t  is  completed. 
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APPENDIX A 

LIMB DARKENING 

1. Introduction 

When utilizing radiation data it will frequently be desirable--if 

not necessary--to apply corrections for absorption of radiation by 

such atmospheric constituents as water vapor, ozone, carbon dioxide, 

transparent cirrus, and particulate matter. For example, in the case 

of the window channel for TIROS 1 1 ,  the differences between the meas- 

ured effective blackbody temperature, Te, and the actual surface 

(cloud or ground) temperature, Ts, varied between zero at lower Te 

values (high cloud top surfaces) and 10°C at higher Te values (warm 

earth surfaces). In this example, however, the differences refer to 

viewing in the nadir direction only. Another possible correction 

factor which should be considered is the so-called limb darkening, 

which for ease of discussion will be defined* here for the window 

channel as the difference, m e ,  between the effective temperature 

from the nadir direction to that which would have been measured from 

an arbitrary direction (see Fig. A-1). 

SATELLITE \ 
I - - -co U- NADIR ANGLE 

ZE 

Te 

‘ S  

NlTH ANGLE 

( 0 )  - T G ( ~ )  

SURFACE 

FIG. A-1 ILLUSTRATION OF LIMB DARKENING 

* Generally it has been defined as the ratio or difference of 
intensity or flux rather than in terms of effective temperature 
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Now t h e  v a r i a t i o n  of ATe w i t h  t h e  n a d i r  angle  i s ,  of cour se ,  due 

p a r t i a l l y  t o  t h e  i n c r e a s e  i n  the  atmosphere (and consequently t h e  amount 

of water vapor,  e t c . )  which m u s t  be t r a v e r s e d .  I n  t h e  case of TIROS I1 

Channel 2 ,  t h e  extreme d i f f e r e n c e s  of ATe f o r  t h i s  reason approached 

10°C (or a t o t a l  d i f f e r e n c e  between Te and Ts of about 2OoC). Another 

reason f o r  an i n c r e a s e  of ATe with i n c r e a s i n g  n a d i r  angle  is an e f fec-  

t i v e  change i n  t h e  s u r f a c e  such as  occurs  f o r  p a r t i a l  cloud cover  

condi t ions ,  and i n  p a r t i c u l a r  f o r  those  condi t ions  produced by cumulus 

a c t i v i t y .  This  i n c r e a s e  i n A T e  a r i s e s  because of t h e  v e r t i c a l  th ick-  

ness  of t h e  cumulus clouds as i l l u s t r a t e d  i n  Fig.  A - 2 .  

 SATELLITE-^ CLOUD COVER V I  E WED N SO O/' 
/@ 4 .=. 

N 
U 

CLOUD COVER VIEWED - loo% 
EARTH'S SURFACE 

R A 3 9 2 7 - 1 1 3  

FIG. A-2 ILLUSTRATION OF PARTIAL CLOUD COVER EFFECT 

Because t h e s e  t w o  causes  of l i m b  darkening ( increased  o p t i c a l  pa th  

l e n g t h  and e f f e c t i v e  v a r  a t i o n  or change i n  s u r f a c e  observed, such as 

f o r  p a r t i a l  cloud cover)  are somewhat d i f f e r e n t  i n  n a t u r e ,  t h e  degree 

and s i g n i f i c a n c e  of each w i l l  be discussed s e p a r a t e l y .  

2 .  Limb Darkening--Increased Atmospheric Pa th  Length 

I n  t h i s  s e c t i o n ,  t h e  cloud cover condi t ions  w i l l  be r e s t r i c t e d  t o  

e i t h e r  clear or overcas t  because, as mentioned, p a r t i a l  c loudiness  

produces cons iderable  complexity. With t h i s  s t i p u l a t i o n ,  t h e  l i m b  

darkening e f f e c t  i s  l a r g e s t  for c l e a r  and l o w  overcas t  condi t ions  or 

fo r  high water vapor and temperature l apse  r a t e s - - c h a r a c t e r i s t i c  of 

low l a t i t u d e s .  The e f f e c t  i s  smallest  for high overcas t  s k i e s  or f o r  

l o w  water vapor and temperature lapse ra te - -preva len t  a t  high l a t i t u d e s .  
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1 

Nadir 
Angle 

25' 

40" 

50" 

60" 

Wark e t  a1.6 have conducted t h e o r e t i c a l  i n v e s t i g a t i o n s  f o r  t hese  

l i m b  darkening c o r r e c t i o n s  with respec t  t o  the  f i r s t  t h r e e  TIROS sa t e l -  

l i t e s .  Based on t h e i r  1962 equat ions6,  t h e  fol lowing t a b u l a t i o n  (Table 

A - 1 )  has  been cons t ruc ted .  

E f f e c t i v e  Temperature 
250 'K 27G"n 290°K 3 1 0 ° K  

0" 0" O0 0" 

0" O0 lo 2" 

O 0  O0  2O 4 O  

0" 2" 4 O  loo 

Table A-1  

APPROXIMATE LIMB DARKENING EFFECT (ATe)  FOR TIROS 111, CHANNEL 2 

A s  one would expec t ,  f o r  t h e  window channel i t  is  only n o t i c e a b l e  

when both a very high temperature ( p e c u l i a r  t o  l o c a t i o n s  such as North 

A f r i c a )  and a very l a r g e  n a d i r  angle are considered.  

of limb darkening under t h e s e  latter-mentioned extreme condi t ions  w a s  

demonstrated by Larsen e t  a1.l '  i n  1963. 

The importance 

I n  t h e  case of t h e  Nimbus where a narrower and clearer window is  

t o  be  u t i l i z e d ,  t h e  limb-darkening e f f e c t  should be even less. I n  

a d d i t i o n  t o  t h i s ,  some of t h e  higher n a d i r  angle  d a t a  are expected t o  

be d iscarded  s i n c e  t h e  d a t a  are dupl ica ted  during ad jacent  passes  wi th  

a l o w e r  n a d i r  angle  view. Therefore,  i t  may be concluded t h a t  t h e  

e f f e c t  of l i m b  darkening i n  the  window channel--excluding p a r t i a l  

c loud cover e f f e c t s - - w i l l  be small and a t  t h i s  s t a g e  no t  an  important 

c o n s i d e r a t i o n .  Continued i n v e s t i g a t i o n s  and r e s e a r c h  are needed, how- 

e v e r ,  and p a r t i c u l a r l y  f o r  t he  other  channels ,  such as Channel 4 ,  

where i t  i s  s e v e r a l  t i m e s  more e f f e c t i v e .  

A s  a cor robora t ion  t o  the  above c o n s i d e r a t i o n s ,  a s t a t i s t i c a l  

i n v e s t i g a t i o n  w a s  performed wi th  data  from p o r t i o n s  of t h r e e  TIROS I11 

p a s s e s ,  Nos.29, 44, and 101. I n  t h i s  i n v e s t i g a t i o n ,  t h e  w a r m e r  

(> 2 7 0 ° K )  and t h e  c o l d e r  temperatures (< 250'K) were read i n t o  t h e  Bur -  

roughs 220 computer, and t h e  average temperature versus  n a d i r  angle  

obta ined  (F ig .  A - 3 ) .  A s  a n t i c i p a t e d ,  t h e  co ld  curve ( r e p r e s e n t a t i v e  
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of high overcas t  condi t ions)  showed no suggest ion of l i m b  darkening. 

Also,  i n  agreement wi th  t h e  preceding d iscuss ion ,  t h e  w a r m  curve 

( r e p r e s e n t a t i v e  of c l e a r  condi t ions)  showed a l i m b  darkening e f f e c t  

of 3-4°C. 

e x h i b i t s  an average l i m b  darkening decreases  with i n c r e a s i n g  n a d i r  

angle  of up t o  8 ° C .  

p a r t i a l  cloud cover condi t ions  which w i l l  now be considered.  

A curve which included a l l  data i s  a l so  presented ,  and 

This  i s  t o  be expected because t h e  data included 

3. L imb  Darkening--Partial  Cloud Cover 

Although tile var i a t ion  iii cioiidiiiess f i e o m  the ~ e i i i t h  to the 

horizon--due t o  t h e  perspec t ive  involved--is an  age-old problem, very 

few i n v e s t i g a t i o n s  have been performed i n  order  t o  d e s c r i b e  i t s  degree 

or n a t u r e .  As e a r l y  as 1922, Lindholm" measured t h i s  e f f e c t  a t  

Ilmala, Finland,  during t h e  summer h a l f  of t h e  yea r .  The r e s u l t s  i n  

terms of t h e  average percent  c loudiness  are i l l u s t r a t e d  i n  F i g .  A-4. 

a 
!!! 

A >  

v) 
o x  I I I I 

30' 60° 900 LL oo 

a-" 1 I I 

0 LOCAL ZENITH ANGLE 

00 30° 60° 
- 

EQUIVALENT SATELLITE NADIR ANGLE 
R A 3 S Z T -  I l l  

FIG. A-4 CLOUDINESS VERSUS ZENITH ANGLE 

The c loudiness  w a s  found t o  vary from 70 percent  n e a r  t h e  z e n i t h  t o  

80 percent  near  t h e  horizon,  with a t o t a l  average c loudiness  of 74 per- 

c e n t .  

n e a r  t h e  horizon. 

t h e  world would be q u i t e  valuable ,  bu t  t o  t h e  knowledge of t h e  a u t h o r s ,  

such i n v e s t i g a t i o n s  have n o t  been performed. I n  1962 Appleman" 

r e p o r t e d  t h a t  he had found, by comparing s u r f a c e  observa t ions  wi th  

a i r c r a f t  observat ions made simultaneously i n  t h e  western United S t a t e s  

d u r i n g  A p r i l  1961, t h a t  t h e  surface observat ions of l o w  cloud cover 

A s  can be seen i n  t h e  i l l u s t r a t i o n ,  t h e  major change occurred 

S i m i l a r  (more d e t a i l e d )  i n v e s t i g a t i o n s  throughout 
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were on an average,  14 percent  t o o  h igh ;  t he  average l o w  c loud amount 

was 48 percent .  No d iscrepancies  were found f o r  t h e  med ium or high 

cloud cover  cases. A s  would be expected, t h i s  l o w  cloud cover  r e s u l t  

(14 pe rcen t  t o o  h igh)  i s  about th ree  times l a r g e r  than  t h a t  suggested 

by Lindholm's r e s u l t s 1 8  ( 4  percent  t o o  h igh)  which app l i ed  t o  t o t a l  

c loud cover .  These two inves t iga t ions  a t  least  i n d i c a t e  the  gene ra l  

e f f e c t  of p a r t i a l  c loud cover condi t ions .  The t o t a l  average curve of 

F ig .  A - 3  (computed from TIROS 111, Channel 2 d a t a )  a l so  appears  t o  

inc lude  a s i m i l a r  c loud e f f e c t  e r r o r  on cloud reading  and vary ing  with 

the  angle  of view. 

I n  a d d i t i o n  t o  the  r e s u l t s  presented i n  F ig .  A - 3 ,  computations 

were made of t h e  average va lues  of t h e  data f o r  Passes  29 and 44 d iv ided  

i n t o  temperature q u a r t i l e s  and separa ted  according t o  whether t he  scan 

was d i r e c t e d  t o  the  no r th  or t o  the sou th .  The r e s u l t s  proved t o  be s u h -  

j e c t e d  q u i t e  s t r o n g l y  t o  the  preva len t  synopt ic  s i t u a t i o n ;  Pass  29 

occurred about one day e a r l - i e r  and o r b i t e d  about  5" h ighe r  ( l a t i t u d e )  

than  Pass  44 (Pass  103 occurred about a day  l a t e r  than  Pass  44,  bu t  

covered a s j m i l a r  a re i ) .  Due t o  the s t r o n g  synopt ic  i n f luence  on t h e  

d i s t r i b u t i o n s ,  one woulu indeed d e s i r e  more data than w a s  a v a i l a b l e  

from these  t h r e e  passes  t o  work with.  Never the less ,  t he  r e s u l t s  

presented  i n  F ig .  A - 3  are bel ieved i n d i c a t i v e  of l i m b  darkening,  

because they tend t o  avoid the  complex synopt ic  s i t u a t i o n s  brought on 

by p a r t i a l  c loudiness  and i n  the case of t h e  t o t a l  average curve 

inc lude  s i z a b l e  d a t a  samples. Wexler2  a l so  has  r epor t ed  (1963) a 

s t a t i s t i c a l  i n v e s t i g a t i o n  of limb darkening,  bu t  f o r  TIROS 11. H i s  

r esu l t s - -based  on 70 orbits--appear t o  show a somewhat s t r o n g e r  l i m b  

darkening e f f e c t  than  does the  t o t a l  average curve of F ig .  A - 3 ;  other -  

w i s e  they w e r e  i n  gene ra l  agreement. 

One gene ra l  outcome of t h i s  i n v e s t i g a t i o n  is  t h a t  t h e  l i m b  

darkening which inc ludes  p a r t i a l  c loudiness  does appear  s i g n i f i c a n t  

( roughly 10" on an average and even much g r e a t e r  under c e r t a i n  cumulus 

c o n d i t i o n s ) ,  a l though i t  may be minimized (about one-half)  by cropping 

the  data wi th  n a d i r  angles  greater than  about 55', as i s  t e n t a t i v e l y  
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intended. An average c o r r e c t i o n  might be app l i ed ,  but it would i n t r o -  

duce e r r o r  about as f r e q u e n t l y  as it would e l i m i n a t e  i t .  Therefore ,  

i n  o rde r  t o  c o r r e c t  p roper ly  f o r  t h e  limb darkening e f f e c t  of p a r t i a l  

c loud iness ,  it would be necessary  t o  know beforehand t h e  type  of t h e  

sky cover ;  Blackmer and Alder 2 1  suggest (1963) t h a t  c o r r e c t i o n s  i n  t h i s  

way may be poss ib l e .  An o b j e c t i v e  method of c o r r e c t i n g  may be p o s s i b l e  

i n  t h e  f u t u r e  by u t i l i z i n g  mul t ip l e  channels o r  o t h e r  means t o  determine 

t h e  cloud type .  A t  p r e s e n t ,  however, it would r e q u i r e  s u b j e c t i v e  

i n s p e c t i o n  of t h e  AVCS cloud photographs. 

r 
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APPENDIX I3 

SCATTERING ANGLE COMPUTATION 

1. Trigonometric Re la t ionsh ips  

The computation of t he  s c a t t e r i n g  angle  (and o t h e r  re1ev:lnt 

parameters)  is p r imar i ly  determined by a cons ide ra t ion  of b a s i c  

s p h e r i c a l  t r igonometry.  Therefore ,  s e v e r a l  r e l a t i o n s h i p s  p e r t a i n i n g  

to oh l i  que s p h e r i c a l  t r i ang le s - - to  be used throughout t h i s  d i  sciiss i on-- 

w i l l  now be s t a t e d  wi thout  proof:  They a r e :  

s i n  a s i n  b s i n  c 
s i n  A s i n  B s i n  C 
-- - -=- ( n - 1 )  

cos a = cos b * cos c + s i n  b s i n  c * cos A (R-2) 

-]= cot (2) C 

where A ,  B ,  and C are the  t h r e e  angles  ( i n  deg rees )  and a ,  b, and c 

are the  oppos i te  s i d e s  ( a l so  in degrees ) , a s  i n  F i g .  B-1. The l a t t e r  

equa t ion ,  3, i s  one of a number of r e l a t i o n s h i p s  known as Nap ie r ' s  

analogies.  A l s o  i t  should be noted t h a t  Eq. ( B - 1 )  is no t  unique,  bu t  

may be used une r r ing ly  i f  t he  unknown angle  always l ies  between 0" 

and 90". 

RA-3927-115 

FIG. B-1 ARBITRARY OBLIQUE TRIANGLE 
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2 .  The S c a t t e r i n g  Angle 

r 

I n  t h e  following d i scuss ion ,  equations necessary t o  compute t h e  

s c a t t e r i n g  angle from d a t a  (satel l i te  nad i r  and azimuth angles  and 

l a t i t u d e  and longi tude)  provided by t h e  Nimbus system w i l l  be der ived .  

The geometry of t h e  s c a t t e r i n g  angle i s  shown i n  F i g ,  B-2 f o r  t h e  case  

when t h e  s u b s a t e l l i t e  po in t  l i e s  i n  t h e  plane of t h e  sun ' s  ver t ica l .*  

I n  t h i s  case  

LOCAL ZENITH 

SUN I 
B' I 

SATELLITE 
n 

J 
. 

8 SP / E 
8 

:ARTH'S SURFACE 
/ 

/ 
4 

/ 
/ 

/ R A 3927- I I 2  

WHERE 0 Is the scattering element 
SP I s  the subsatellite point 

z Is  the sun's zenith angle ( f rom 0) 
p Is the satel l i te's zenith angle (from 0) 
a Is the satel l i te's nodir angle 
8 Is the scattering angle 

I 

FIG. 8-2 TWO-DIMENSIONAL ILLUSTRATION OF SCATTERING ANGLE 

The s c a t t e r i n g  angle ,  8,  i s  equal  t o  180" minus t h e  s a t e l l i t e ' s  z e n i t h  

a n g l e , P ,  minus t h e  s u n ' s  z e n i t h  angle, z .  When t h e  s u b s a t e l l i t e  point 

1 1 . e ~  ou t s ide  t h e  plane of t h e  sun ' s  v e r t i c a l ,  t h e  geometry becomes more 

involved, a s  is  i l l u s t r a t e d  i n  Fig. B-3.  Here one may d e s c r i b e  an obl ique  

s p h e r i c a l  t r i a n g l e  i n  space composed of t h e  two s i d e s l a ,  and z ,  and an 

included angle + .  The s c a t t e r i n g  angle ,  8, may be expressed by use of 

Eq. (B-2) a s :  

cos (180 - 8 )  = COS z COS p + s i n  z s i n  p COS 6 (B-4)  

* The plane which con ta ins  t h e  sun and t h e  l o c a l  z e n i t h  a t  t h e  
s c a t t e r i n g  element,  
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LOCAL ZENITH 

SUN 

- ALSO CENTER OF SHADED 
S P H E R IC A L  S U R FACE 

R A - 3 9 2 7 - 1 0 8  

FIG. 8-3 THREE-DIMENSIONAL ILLUSTRATION OF SCATTERING ANGLE 

o r  i f  t he  s u n ' s  e l e v a t i o n  a n g l e , € ,  is used in s t ead  of t h e  s u n ' s  zen i th  

angle ,  z, (E = 90 - z), Eq. (€3-4) may be w r i t t e n  a s :  

I 
cos 0 = - s i n  E cos p - cos E - s i n  p * cos + . (B-5) 

I t  is now necessary only t o  introduce t h e  va lues  of E ,  p ,  and d i n t o  

Eq. (B-5) t o  compute the  s c a t t e r i n g  angle .  

The zen i th  angle  of t he  s a t e l l i t e ,  p ,  is e a s i l y  determined and is 

given by t h e  r e l a t i o n s h i p :  

R + d  
R P = a r c s i n  (- s i n  a) (B-6) 

where R is t h e  e a r t h ' s  r ad ius  and d is t he  s a t e l l i t e ' s  a l t i t u d e  ( a  is 
t h e  sa te l l i t e ' s  nadi r  angle) .  The formula f o r  t h e  s u n ' s  e l e v a t i o n , € ,  

is given i n  seve ra l  t e x t s  and is simply an a p p l i c a t i o n  of Eq. (B-2): 

s i n  E = s i n  1 ,  sin 6 + cos lo cos 6 cos ho (B-7 1 
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where 
1 ,  
6 i s  t h e  s u n ' s  dec l ina t ion*  

ho 

i s  t h e  l a t i t u d e  of t h e  s c a t t e r i n g  element 

G i s  t h e  l o c a l  hour angle  which i s  equa l  t o  h 

(Greenwich hour angle*) minus mo ( t h e  longi tude  

of t h e  s c a t t e r i n g  element--west l ong i tude  

being negat ive) .  

3 .  Determination O f  6 

The de termina t ion  o f @  (which may be p ro jec t ed  onto  t h e  e a r t h ' s  

su r f ace )  may be seen i n  F ig .  B-4, which d i s p l a y s  t h e  va r ious  angles  

involved i n  i t s  computation. A s  can be seen from F ig .  B-4, @ equa l s  

360" - SA - X . Because @ i s  t o  be used w i t h i n  a cos ine ,  a more gene ra l  

equa t ion  may be w r i t t e n :  

@ = SA + (ix) 

The s i g n  of X ( p o s i t i v e  t o  t h e  west) i s  determined i n  

of X f o r  which Eq. (B-3) may be used, t h a t  i s :  

(PO ; (90-10) 
X = 2 a r c o t  ( t a n  (" : A m )  cos 

cos ( P O  (90-10)) 

where PO i s  t h e  g r e a t  c i rc le  angular d i s t a n c e  between 0 

i s  equal  t o  p -Q. 

I t  i s  now necessary t o  formulate t h e  equa t ions  f o r  

03-81 

t h e  computation 

and SP which 

t h e  Am and SA; 

PA ( the  s a t e l l i t e ' s  azimuth) being considered a known q u a n t i t y .  The 

meridional d i f f e r e n c e  between the  s u b s a t e l l i t e  po in t  and t h e  observed 

p o i n t ,  t h a t  i s ,  Am, i s  found by Eq. (B-11, and i s  

s i n  PA s i n  Am = s i n  ( p  - a) cos Io (B-10) 

where Am must be less than  90" ( t h i s  w i l l  not hold for cases  where t h e  

po le s  are crossed ,  f o r  which a 180" change occur s ) .  

* The s u n ' s  d e c l i n a t i o n  and t h e  Greenwich hour angle f o r  s p e c i f i c  
days and t i m e s  a r e  g iven  i n  The A i r  Almanac. 
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SATELLITE 
LOCAL ZENITY 

SATELLITE 
LOCAL ZENITH 

NORTH POLE 

R A 3 9 2 7 - 1 0 7  

WHERE: SS Is the subsolar point 
SA Is the sun azimuth 
PA Is the satellite's azimuth as defined for the T IROS system 
A m  Is the longitudinal difference between the scatter ing element 

and the subsatellite point 

X Is the angle which relates @ and SA with PA and A m  

FIG. 8-4 ILLUSTRATION OF ANGLE - 90" < PA < 180" 

4 .  Sun's Azimuth 

The s u n ' s  azimuth, SA, can be obtained through recourse t o  Napier ' s  

an angle 
0 )  ho' ana logies  and in spec t ion  of Fig.  B-5.  

TA may be def ined a s  

I n  terms of 6 ,B 
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6 - .eo 6 -Q 
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cos (-) s i n  (-? 
6 - 2  6 - Bo 

s i n  (A) cos (- 
( B - 1 1 )  2 - c o t  21 - a r c t a n  [ 

2 2 

TA = a r c t a n  

where 

SA 

SA 

SA 

= TA i f  6 + P o  i s  p o s i t i v e  

= 180 - TA if 6 + P o  i s  negat ive  and TA p o s i t i v e  

_ -  - (180 - TA) i f  6 + P o  i s  negat ive  and TA negat ive  

NORTH POLE 

R A 3 9 2 7  -109 

FIG. B-5 GEOMETRY FOR SUN'S AZIMUTH 

5 .  Nimbus O r b i t s  

The Nimbus s a t e l l i t e  w i l l  c i rc le  t h e  e a r t h  wi th  an o r b i t a l  p lane  

i n c l i n e d  about 10' from the  e a r t h ' s  a x i s .  When the  s a t e l l i t e  passes  

t h e  equa to r ,  i t  w i l l  be e i t h e r  l o c a l  noon or midnight.  A poss ib l e  

pa th  which an i d e a l  o r b i t i n g  Nimbus s a t e l l i t e  would desc r ibe  ac ross  

t h e  r o t a t i n g  e a r t h  i s  ind ica t ed  i n  F ig .  B-6. From t h i s  pa th ,  s p e c i f i c  

s a t e l l i t e  longi tude ,  m l a t i t u d e ,  I and azimuths,  PA, i n  a d d i t i o n  

t o  the  s u n ' s  longi tude ,  hG, 

computer program (based on preceding d iscuss ion)  t o  o b t a i n  8 ( s c a t t e r i n g  

a n g l e )  and E 

necessary t o  genera te  the l a t i t u d e  and longi tude  of t h e  observed po in t  

as determined by the  n a d i r  angles  being considered.  The l a t i t u d e  i s  

g iven  by 

cosPo = cos  @ - a )  . c o s 1  

and the  longi tude  i s  found by use  of  Eq. ( B - 1 0 )  a l r eady  der ived .  

P' P' 
have been taken and used as inpu t  f o r  a 

( s u n ' s  e l e v a t i o n  angle) .  With t h i s  input  i t  i s  s t i l l  

+ s i n  @ - CY) . cos PA . s i n  1 (B-12) 
P P 
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The r e s u l t s  (6' and E )  obtained for a Nimbus o r b i t  for6 = O o  have 

also been sketched roughly i n  F ig .  B-6. I m p l i c i t  i n  the  f i g u r e  i s  a 

s c a t t e r i n g  angle--versus Nadir angle--symmetry between the  east  and 

w e s t  scanning d i r e c t i o n s .  
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SCATTERING ANGLE 
_____----- SUNS' ELEVATION } 
----- NIMBUS PATH 

ENVELOPE OF AREA 
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__---- 

FIG. 8-6 APPROXIMATE NIMBUS MRlR VIEWING CHARACTERISTICS 
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